Multi-loading ligand assemblies to transport copper by Wood, Jenny Lynne
Multi-Loading Ligand Assemblies 
to Transport Copper 
Doctor of Philosophy 
1V 
L~~ " 44~. 	'I. 
N Vi  
Jenny Lynne Wood 
February 2005 
Preface and Declaration 
Since graduating from the University of Durham in 2001 with a MSci (Hons) degree in 
Chemistry, the author has been engaged in a programme of fill time research under the 
supervision of Professor P.A. Tasker at the University of Edinburgh and Mr R. Swart 
and Mr J. Campbell at Cytec Metal Extractants, Manchester. 
No part of the work referred to in this thesis has been submitted in support of an 
application for another degree or qualification from this or any other university or 
institute of learning. 
Abstract 
The thesis contains work aimed at improving the copper transport-efficiency shown by 
the commercial phenolic oxime reagents which are surveyed in Chapter 1. New solvent 
extractants based on ligands which are diacids and can thus form neutral complexes with 
divalent copper that have a 1:1 ligand to metal stoichiometry, instead of the 2:1 
stoichiometry shown by conventional reagents, are reported. EPR is used for the first 
time to monitor uptake of copper into the water immiscible phase and investigate 
speciation. 
The design, preparation and copper(II) extraction capabilities of a series of 3-substituted 
2-hydroxy-5-alkyl-benzaldehyde-octanoylhydra.zones are described in Chapter 2. The 5-
nonyl- substituted ligands extract copper(n) in the desired 1:1 ligand to metal ratio, but 
their loading-strengths are slightly lower than those of commercial phenolic oximes. 
EPR spectra suggest that when the 3-substituent is small (H or C11 3), copper(II) is 
extracted in a binuclear complex with a 2:2 ligand to metal ratio. Increasing the size of 
the 3-substituent by the incorporation of a nitro group resulted in the formation of an 
intermediate 2:1 ligand to copper(H) complex at low pH, which loads more copper at 
higher equilibrium pH values to give a 2:2 complex. The tertiary-butyl analogue forms a 
1:1 ligand to copper(II) complex which is assumed to have a neutral ligand (water) as a 
fourth donor in the planar four coordinate structure. The formation of other ternary 
complexes containing uncharged H-bond donor ligands is described in Chapter 4. 
Chapter 3 considers the complex tautomerism of series of 3-alkyl-4-(2'hydroxy-5'-
alkylphenylenamine)-pyrazol-5-ones and their ability to extract copper(I1). Solid state 
structures show that the ligands require little reorganisation to provide an orthogonal 
N022 donor set. 3-'propyl-4-(2' hydroxy-5 '- tamylphenylenamine)-pyrazol-5-one is 
shown to be a stronger copper(II) extractant than the hydrazone ligands discussed in 
Chapter 2, although still not as strong as the commercial phenolic oximes. EPR spectra 
suggest that copper(H) is extracted in a binuclear complex with a 2:2 ligand to metal 
ratio, as seen with the 3-hydro- and 3-methyl- substituted hydrazone ligands. 
The addition of certain non-chelating neutral auxiliary ligands is shown in Chapter 4 to 
enhance copper(R) loading by both hydrazone and pyrazolone ligands. Addition of 2-
ethyihexanal oxime in a 3:1 ratio, results in enhancement of copper(II) extraction for all 
ligands tested and the formation of 1:1:1 ligand to copper(I1) to 2-ethylhexanal oxime 
complexes is indicated by EPR spectroscopy. Addition of 3-'propyl-2-pyrazol-5-one to 
the 3-nitro- and 3-hydro- substituted hydrazone ligands in a 1:1 ratio, produces a similar 
effect. Hydrogen bonding from the auxiliary ligands to the phenolate pyrazolonato 
and/or hydrazonato oxygen atoms is proposed in these ternary complexes. Inter-ligand 
hydrogen-bonding is also proposed in most of the binary complexes discussed in 
Chapters 2 and 3 and it is suggested that rational design of new simple extractants for 
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Chapter 1: Introduction 
1.1 Project overview 
This thesis is concerned with improving the mass-transfer capabilities of commercial 
copper(n) extractants used in solvent extraction processes, by designing ligands capable 
of carrying an increased amount of copper(II) per unit mass of ligand. By decreasing the 
amount of ligand required to extract the same amount of copper(H), the efficiency of the 
extraction process is improved. This subsequently affects production costs and 
ultimately the price at which copper can be sold. The cheaper copper can be produced, 
the more competitive solvent extraction will become. 
1.2 The importance of copper 
The current demand for copper is greater than ever. Metal Bulletin Research estimated 
that the refined copper market in the western world was actually running at a deficit of 
400,000 tons at the end of 2003, with prices having risen by over 50%.1  It was expected 
that this trend would continue throughout 2004, promising an explosive year for the 
copper industry. Although the market has suffered somewhat due to the war in Iraq, this 
is a stark contrast to figures produced for 2001 and 2002, when the market was hit by the 
worldwide economic slump brought on by 9/11. 
The boom in copper-demand has risen with global economic recovery, not least because 
consumption in China alone has risen by an average of 17.5% per annum over the last 
five years, making it the world's leading copper consumer.' Demand is not set to 
decline soon as copper-intensive manufacturing is being relocated to China and massive 
infrastructure projects such as the Three Gorges Dam, the 2008 Beijing Olympics and 
the 2010 World Expo continue.' The demand for copper has also been intensified by 
unfortunate production problems such as strikes, planned shutdowns and maintenance 
repairs. 
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Improving the efficiency and lowering the cost of production is key to the success of the 
copper market. As legislation continues to restrict many chemical industries, intensive 
development will push less wasteful, more environmentally friendly methods beyond 
their already expanding boundaries. Hydrometallurgical processing of copper already 
accounts for 30% of all worldwide copper production and R & D activity in the area has 
increased significantly between 1987 and 2003, recorded in two major reviews .2' 3  The 
scramble is now on to improve the process, to make it safer, more efficient and cost 
effective. A second generation of extractants is desperately needed. 
1.3 The history of copper and its usage 
Copper is the first element of subgroup lB in the periodic table sitting above silver and 
gold. It occurs in two natural isotopes, 63Cu and 6 5C and carries a red tone. 4 It is the 
only other metal apart from gold that is not grey in colour. Copper was named aes 
cyprium, and later cuprum by the Romans, taken from the Greek Kwrpo, the former 
name of Cyprus, where the first copper was obtained. 5,6  The word copper used today in 
the English language and equivalents in other modern languages, are all derived from 
this early name. According to mythology, the goddess Venus was born on Cyprus and 
during the alchemistic period, copper acquired a symbol of a 'cross with handle' from 
the Egyptian epoch, which was called the mirror of Venus. This is the same symbol still 
used today in astronomy to denote the planet Venus and in biology to mean 'female'. 5 
Like silver and gold, copper is a noble metal and can be found in nature in its elemental 
form. Ductile, workable and corrosion resistant, copper has a diverse utility, with an 
electrical and thermal conductivity exceeded only by silver. It is these properties that 
have attracted man for thousands of years and caused copper to play a pivotal role in the 
development of civilisation. Until recently, the earliest recorded use of copper was 
thought to be in northern Iraq around 8500 BC, 4 from where copper implements were 
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excavated. Evidence of copper usage now dates back as early as 9000 BC from near 
Konya in southern Turkey.' 
Today, copper finds use in five major areas. The construction industry is the largest 
consumer of copper, servicing plumbing and electrical features. It accounts for 3 5-45% 
of the copper market in the developed world and 60% in the third world. Copper is also 
heavily used in general home electronics such as electrical products, telecommunications 
and power supplies. Production of industrial equipment accounts for around 15% of the 
copper market, while the remainder is largely consumed by the transport industry and 
the production of alloys such as bronze and brass. Copper also finds use in the chemical 
and food industries because of its high resistance to corrosion.' 
1.4 Copper minerals and abundance 
Although there are over two hundred known minerals that contain copper, only a small 
number of these are of any importance as copper ores. Copper has a high affinity for 
sulfur and this is a major factor that determines its occurrence in the earth's crust. 
Consequently its principal minerals are sulfides, with chalcopyrite (CuFeS2) estimated to 
account for 50% of all copper deposits. 4 The high affinity for sulfur also plays a key 
role in the separation of copper from iron in the pyrometallurgical processing of sulfide 
ores. 4 
Secondary minerals are formed in two layers. 4 The oxidative band is formed by 
recrystalistion of primary ores through leaching by groundwater. 4 This contains copper 
oxides, such as cuprite (Cu 20) and tenorite (CuO), in addition to silicates such as 
chrysocolla (CuSiO 3 .nH2O) and dioptase (Cu6[Si6018]. 6H20). In the cementation band, 
leached primary ores are converted into secondary copper sulfides such as chalcocite 
(Cu2 S) and covellite (CuS). 4 Pure copper metal is also often found in the cementation 
4 band. 
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1.5 Processing of copper 
Pyrometallurgical processing of copper has a long history, but substantial production 
only began with the development of carbonate and oxide ore smelting techniques .7' 
S 
Study of the copper content in Greenland ice cores using atomic absorption 
spectrometry, accurately maps the trend in copper production over the centuries. 9 A 
steady increase begins with the Bronze Age in 5000 A.D. and this continues through the 
development of new sulfide ore smelting techniques 500 years later. Clear peaks in 
copper production are marked by the rise and fall of the Roman Empire and later by the 
Sung dynasty of China. Copper production has since increased sharply to the present 
day. 
Pyrometallurgy was recorded in Dc Re Metallica by Agricola in 1556, around the same 
time that smelting operations commenced in Germany and Wales. 4 Both plants 
employed varying oxidation and reduction steps to eliminate sulfur. In fact, the 
techniques used in Swansea are not dissimilar to production methods that are used 
today. 4 
The Calumet and Hecla Company in Michigan was the world's largest copper producer 
between 1869 and 1877. Rio unto in Spain claimed the leading position in 1877, with a 
copper output of a 24,000 tons, a fraction of today's total production. 4 In the 1890s, the 
Anaconda Copper Company of Montana boasted an output of 34,000 tons. They 
remained the world's largest copper mine until 1920 and increased their annual 
production to 50,000 tons .4  Mining of low grade ores began in the 1900s in Arizona, 
with the exploitation of porphyry deposits using newly developed flotation techniques, 
marking the USA as the largest copper producer. 4 
By contrast, hydrometallurgical processing of metals is relatively new, for example it 
was only in 1981 that Great Britain celebrated one hundred years of research in the 
area. 10 Its chemistry was first explored in the late 
18th  century, but it was not until 1888 
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that MacArthur and Forest first patented the process for the recovery of gold using 
alkaline cyanide solutions." The potential of the system was also realised by Karl Josef 
Bayer, who developed the 'Bauxite' process for the preparation of pure aluminium oxide 
in 1900." 
Large scale vat leaching of copper ore using sulfuric acid with electrowinning was 
carried out in 1926 by the Inspiration Consolidated Copper Company in the USA.' ° The 
first commercial solvent extraction plant for the recovery of copper via dump leaching of 
oxide ore with sulfuric acid was opened by Ranchers Exploration & Development 
Compnay Ltd, Miami in 1968. Their annual copper production was 18.2 ton/d.' ° 
Today there is large scale copper mining the USA, Africa, Russia and South America. 
In 2002, the total worldwide output of copper from these mines was approximately 
15,245,000 metric tons. At present, China and Chile are the largest producers of copper 
in the world, with a combined annual output of around 220,000 tons. 12 
1.6 Pyrometallurgy45 
Pyrometallurgy can be defined as a method which 'produces metals or intermediate 
products directly from the ore by the use of high-temperature oxidative or reductive 
processes' 2  The pyrometallurgical process is divided into five key stages, mining, 
concentration, smelting and converting, fire refining and electro refining, described in 
Figure 1.1. 
1.6.1 Mining 
Copper ore can be obtained from underground mines, were it is removed by tunnelling 
or shafts, or more usually from surface mines were the entire overburden is removed to 
reveal the ore, which is subsequently removed by drilling and blasting. In addition, the 
removed waste may be leached to recover additional copper. 









Figure 1.1: The pyrometallurgical process. 
1.6.2 Concentration 
Ores commonly contain 1% copper or less and are upgraded by the process of 
concentration. The ore is first crushed to reduce its size using a series of cone crushers. 
These consist of eccentrically driven cones that rotate inside conical bowls, pinching and 
crushing the ore that is introduced between them. 4 This reduces the diameter of the 
particles to < 20 cm, then < 3 cm and finally < 1 cm. The ore pieces are then ground 
with water to produce a slurry, which is carried out in several stages and reduces the ore 
particle size to 0.25 mm.4 
The next step of the concentration process is flotation. 4 Water from the slurry produced 
in the grinding stage is often removed in thickeners before passing into the flotation 
tanks and the pH of the feed is carefully controlled by the addition of limestone, which 
optimises the activity of all reagents. Air is fed into the flotation tanks, which adheres to 
the copper mineralization causing exposed copper sulfide mineral particles to float to the 
surface. Xanthates or dithiophosphates are added to aid their collection. This results in 






chain alcohols. In addition, depressants such as calcium or sodium cyanide and 
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limestone can be added to sink gangue. The froth produced overflows into collection 
vessels were the pH is adjusted and further froth flotation processes are carried Out to 
produce more concentrated copper mixtures. Valuable by products such as gold, silver, 
selenium and tellurium are also separated along with the copper concentrate. 
1.6.3 Smelting and converting 
The concentrate contains 20-30% copper and is a mixture of copper sulfides, copper-iron 
and iron with small amounts of gangue minerals. 4 The process of smelting encompasses 
the operation of melting the concentrate and extracting the copper by heat, flux and the 
addition of oxygen. 
The concentrate may first be roasted before entering the smelter. During this process, 
water is removed and part of the sulfur present is converted into sulfur dioxide, shown 
by a series of reactions in equations ito 6. 
2CuFeS2 + 02 	 Cu2S + 2FeS +S02 	(1) 
FeS2 	 -3 	 FeS + S 	 (2) 
S+02 	 -3 	 S02 	 (3) 
2FeS+302 	--3 	2FeO+2S02 	 (4) 
2S02+02 	-* 	2S03 	 (5) 
FeO +S03 	--3 	FeSO4 	 (6) 
When the concentrate is charged to the smelter, the copper(I) and iron(H) sulfides melt to 
form a matte, Cu 2 S-FeS. 5 This matte is then transferred to the converter were addition 
of oxygen causes the preferential oxidation of iron(I1) sulfide over copper(I) sulfide. In 
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addition, sulfur combines more readily with copper than iron, thus iron silicate and iron 
oxide result, creating an immiscible slag layer, which floats on top of the matte. 
Reactions taking place in the matte stage are shown in equations 7-1 
1.4  The reaction in 
equation I also occurs if the concentrate is not roasted before entering the smelter. The 
objectives are to achieve rapid and complete separation of the two layers, ensuring a 
minimal amount of copper being caught in the slag. The slag can be skimmed from the 
top of the matte which effectively removes a percentage of the iron and also any silicates 
present in the concentrate. 
FeS2 + 02 	-p 	FeS + SO2 	 (7) 
3FeS+ 502 	 Fe304 +3S02 	 (8) 
Cu + CuFeS2 	) 	Cu2 S + FeS 	 (9) 
Cu20 + FeS 	- 	Cu2S + FeO 	 (10) 
3Fe3O4 + FeS + 5Si02 	 IOFeO.5Si02 + SO2 	(11) 
Also during the converting step, oxygen combines with copper(I) sulfide to yield 
copper(I) oxide and sulfur dioxide. Copper(I) sulfide and copper(I) oxide then react to 
form metallic copper and sulfur dioxide (equations 12 - 14). 4 
2Cu2 S + 302 2Cu20 + 2S02  
Cu2S + 2Cu20 	) 6Cu + SO2  
3Cu2S + 302 6Cu + 3S02  
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1.6.4 Fire Refining 
The process of fire refining is used to adjust levels of sulfur and oxygen in the copper 
and remove impurities as slags. Impurities present in the 'blister copper' produced 
during the converting stage must be removed before the copper can be cast into anodes 
to be electrolytically refined. 
Air is blown into the molten blister copper through iron pipes to eliminate volatile 
components such as sulfur dioxide, cadmium and zinc. 4 Impurities such as iron, 
magnesium, aluminium and silicon will be preferentially oxidised by the air flow and 
can be removed as slag. 4 Addition of sodium carbonate also allows the removal of 
arsenic and antimony as flux-slag. 4 
Finally the copper is reduced by poling, either by green wood poles or a stream of 
natural gas which is passed through the molten blister. 4 The copper is then cast as 
anodes for electrolytic refining. The most important reactions of the fire refining 
process are presented in equations 15-17 4 
2Cu20+C 	-* 	4Cu+CO2 	 (15) 
Cu20 + CO 	 2 Cu + CO2 	 (16) 
Cu20 + H2 	 2 Cu +1I20 	 (17) 
1.6.5 Electrorefining 
The development of electrolysis revolutionised pyrometallurgical processing and 
enabled the refinement of copper intended for electrical use. 
The anodes of blister copper cast in the fire refining process are set into electrolytic cells 
containing an electrolyte of acidic copper sulfate. When an appropriate current and 
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voltage is applied, copper is dissolved from the anode and deposited on the cathode, 
which in modern tankhouses is usually made from stainless steel. The reactions taking 
place at the anode and cathode are shown in equations 18 and 19. The cathodes are then 
sold directly or melted and cast into different forms. 
Anode: 	Cu 	- 	Cu' + 2e 	 (18) 
Cathode: 	Cu2 + 2e 	- 	Cu 	 (19) 
Impurities from the blister copper anode either dissolve in the electrolyte or sink to the 
bottom of the cell forming a slime. Since these by-products often contain mixtures of 
precious metals such as silver and gold, the recovery of these slimes is an important part 
of the electrorefining process. 
1.7 Developments in pyrometallurgy 12 
While the principles behind each step of the pyrometallurgical process are unchanged, 
the design and use of new operating systems have been numerous over the last 50 years. 
There are now a variety of different smelting techniques such as Outokumpu flash 
smelting, Noranda bath smelting and Vanyukov smelting. A number of different types 
of furnace are also available. Converting can be carried out continuously using the 
Kennecott flash converting process and in conjunction with the smelting process via the 
Mitsubishi system. In addition, electrorefining methods now achieve Grade 'A' copper. 
There are advantages and disadvantages to each of these systems, which are discussed at 
length in a major review published in 2003. 
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1.8 Disadvantages of pyrometallurgy 
Pyrometallurgical processing suffers from a number of drawbacks, which have become a 
major issue in today's world. There is a significant amount of waste produced each 
year. Arsenic and antimony are both by-products with harmful effects, while gaseous 
sulfur dioxide and carbon dioxide emissions contribute to the 'greenhouse effect'. 
Milling and smelting currently release an estimated 7 - 70 x 103 metric tons of metals 
into the aquatic atmosphere. 13  In the USA, the EPA has identified around 31,000 
hazardous waste sites, the majority of which have lain untreated for several years. 
14  The 
largest of these areas is the Clark Fork River Basin in Montana, which has suffered from 
125 years of copper and silver mining activities. 
In the 1990s more than 1000 companies voluntarily agreed to decrease emissions of 17 
toxic chemicals by 33% in three years and by 50% in five as part of the EPA's 33/50 
program.' 5 With the pressure to comply with such ventures, the price of clean up 
operations is running high. This coupled with the massive energy costs of maintaining 
the furnaces at high temperatures is inevitably reflected in the output copper price. In 
turn, the competitiveness in the market is affected and if the process is no longer 
competitive, is it still viable? Ultimately, many pyrometallurgical plants may cease to 
operate. They are unlikely to be part of any modern copper production process. 
1.9 Hydrometallurgy3 
Hydrometallurgy can be defined as 'the processing of an ore or concentrate by the 
dissolution, separation, purification and precipitation of the desired metal by the use of 
aqueous solution' •2 
Solvent extraction can be operated as a continuous process and was first introduced for 
the extraction of uranium in 1953.10  It is now widely applied in the hydrometallurgical 
extraction of copper. An idealised flow sheet for the recovery of copper via solvent 
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extraction from oxidic ores is shown in Figure 1.2. The process can be divided into four 
key stages, leaching, extraction, stripping and electrowinning. 
CuSO4 	CuL2 	CuSO4 








H2SO4 	2LH H2SO4 
Figure 1.2: Solvent extraction of copper from oxidic ores. 
1.9.1 Leaching 
Since it is possible to carry out heap leaching of copper from oxidic ores, milling of 
natural materials is not required. This is highly advantageous and dramatically cuts the 
total capital and energy costs of copper recovery. 
During the leaching process, sulfuric acid is passed through a 'heap pad' of the natural 
ore, solvating metal ions and producing a mixed metal sulfate solution known as a 
'pregnant leach solution'. The solubilisation of copper is shown in equation 20. The 
pregnant leach solution contains up to 10 g r' of copper(II), but also varying 
concentrations of other metal ions such as iron(ll1), which is usually present in similar 
concentrations. 
CuO + H2SO4 	- 	CuSOs + H20 	 (20) 
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1.9.2 Extraction 
During the extraction stage, the pregnant leach solution is contacted with an organic 
phase, usually kerosene, containing the extractant. All commercial solvent extraction of 
copper employs phenolic oxime complexing agents. Cytec's current copper extractant, 
P50, is derived from salicylaldehyde. It has the ability to form a hydrogen bonded dimer 
in non-polar organic solvents and is thus pseudo-macrocyclic (Figure 1.3),I6 
17 






Figure 1.3: Preorganisation of P50. 
Upon contact with the pregnant leach solution this dimer undergoes cation exchange 
with copper(H) (equation 21). A proton is lost from each molecule and an electrically 
neutral, square planar complex, with a 2:1 ligand to metal ratio is formed (Figure 1.4). 
The cation exchange process is promoted by the pseudo-macrocyclic structure, which 
causes the extractant to 'preorganise' prior to complexation of copper and form a 
pseudo-macrocyclic complex which is stabilised by intra-complex hydrogen-bonding 
between the two ligands (Figure 1.4). 
CuSO4 	+ 2LH (org) 	 - 	CuL2 (çg) + H2SO4 (aq) 	 (21) 
The protons released from the extractant pass into the aqueous phase, regenerating the 
acid for leaching. Since extraction (Figure 1.4) involves the release of protons, the 
equilibrium is dependent on the pH of the aqueous phase and the control of pH is key to 
the selectivity of extraction of copper(II) over other metals, most importantly, iron. In 
theory, sequential removal of metals could be achieved by raising the pH of the aqueous 
phase. This is illustrated in Figure 1.5, which shows plots of percentage metal extraction 
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against pH for a series of metal ions using P50 in kerosene. Such graphs are known as 
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Figure 1.4: Complexation of copper by P50. 
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Figure 1.5: S-curves for the extraction of a range of metals using P50. 
Chapter 1: Introduction 
The ability of a reagent to extract a metal is assessed in terms of its 'strength', quantified 
by the pH at which half of the metal has been extracted (the pH,,.). The Irving-Williams 
series, discussed in more detail in Section 1.13.2,18. 19 states that copper(11) is able to 
form more stable complexes than those of other divalent 1 row transition series metals 
and consequently it has the lowest pH. Thus for pregnant leach solutions with pH ca. 
2, formulations of P50 oxime will selectively complex copper(II) over the other metals 
present. In addition, the low pH prevents the precipitation of insoluble iron(III) 
hydroxides, which is undesirable. 
1.9.3 Stripping 
During the stripping stage, the copper-rich organic phase is contacted with aqueous 
sulfuric acid at a pH <2. Under these conditions, the extractant is no longer able to 
compete for the copper(H) ion and the cation exchange process is reversed. This 
regenerates the extractant, which is recycled and the copper(II) ion is released into an 
aqueous phase (equation 22). 
CuL2 (g) + H2SO4 (aq) 	 CuSO4 (aq) + 2LH (org) 	 (22) 
In practice the P50-oxime extractants are too strong for efficient stripping of copper(I1) 
back into the aqueous phase and are used in conjunction with modifiers 16  such as alkyl 
phenols, ketoximes, esters or alcohols, which help promote stripping. These function 
through the involvement of lone pairs of electrons from accessible oxygen or nitrogen 
atoms in the hydrogen bonding process. 
On a plant, more than one extract and strip stage is incorporated into the circuit and a 
'counter current process' is employed. Aqueous and organic streams flow in opposite 
directions such that fresh extractant is contacted with an aqueous phase of low copper 
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concentration and a heavily loaded organic phase is contacted with fresh feed solution. 
This ensures maximum copper transfer into the organic phase." 
1.9.4 Electrowinning 
The final stage of the solvent extraction process is electrowinning. Copper metal of 
99.99% purity is obtained from the pure aqueous copper sulfate stripping solution by 
electrolysis. Deposition of copper occurs at stainless steel cathodes, which are 
immersed in the stripping solution," while oxygen is released at the anode, usually made 
of a lead-based alloy. As much as 60 g 1' of copper can be deposited in one cycle. The 
reactions taking place at the anode and cathode are shown in equations 23 and 24. 
Cathode: 	 Cu2 + 2& 	-+ Cu 	 (23) 
Anode: 	 H20 	- 	2H+ + '/202+ 2e 	 (24) 
1.9.5 Efficiency 
The overall process is highly efficient; since the reagents are regenerated, the process is 
able to run continuously and the net materials balance (Figure 1.6) involves splitting 
copper oxide into its elements with consumption of electrical power. 
Leaching CuO + H2SO4 	- CuSO + H20 
Extraction CuSO4 + 2LH) 	-' CUL2( g) + H2SO4 
Stripping CUL g) + H2SO4 	-' CuSO4 + 2LH ) 
Electrowinning CuSO4 + H20 	-b Cu + ½02 + H2 SO4 
Overall CuO + Power 	- Cu + V202 
Figure 1.6: Reactions involved in the leach/ solvent extraction/ electrowinning circuits. 
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1.10 Developments in hydrometaHurgy 
Since the circuit described in Section 1.8 is based on the treatment of oxidic ores, 
progression of hydrometallurgy has largely been driven by the development of leaching 
technologies that encompass other copper sources. A lot of these developments have 
centred on the processing of sulfidic ores, which are the main source of copper. 
1.10.1 Leaching into ammoniacal media 
The Escondida process prepares sulfidic copper ores for solvent extraction.20' 
21 
Ammoniacal leaching of chalcocite produces two copper streams. One is an enriched 
copper ore, covellite (CuS), which can be treated via pyrometallurgical methods, the 
other is concentrated aqueous solution of amine complexes (equation 25), which can 
undergo extraction, stripping and electrowinning as previously described. 
Cu2S(S) + 2NH3( + 2[NI-11( + '/2O2(g) - CuS + [Cu(NH3)4] 2 ( + H20( 1 ) 	 (25) 
The pH and leach conditions are such that the resulting pregnant leach solution has a 
high concentration of copper(H), typically 280 g i - ', but contains only small amounts of 
other transition metals. Consequently the extractant used to separate copper(H) does not 
require a high selectivity or strength. Diketones, with various branched chains, have 
successfully been used to extract copper(H) under these conditions. Solvent extraction 
follows equation 26, which regenerates the leachant. 
[Cu(NH3)4] 2 + 2LH g) 	[CUL2](org) + 2[NH4] + 2NH3 (26) 
Stripping with sulfuric acid allows regeneration of the extractant without acid 
consumption (equation 27). 
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[CUL2](org) + H2SO4 - 	CuSO4 + 2LH ) 	(27) 
Conventional electrowinning produces copper metal, giving an overall materials balance 
(equation 28). 
Cu2S —* Cu+CuS 
	
(28) 
1.10.2 Leaching into chloride media 2Z 23 
Sulfidic ores can be oxidised using an iron(III) chloride leachant to produce a mixed 
metal chloride solution (equation 29) and sulfur as a by-product. 
Cu2S() + 4FeCI3(aq) 	2CuC12(a) + 4FeC1 2( + S(s) 	(29) 
Copper(II) can then be extracted using CLX50 (Figure 1.7) in the CUPREX process, 24 or 
via a selection of similar decyl esters of pyridine monocarboxylic acids and 
dipentylesters of pyridine dicarboxylic acids. 3 
1c21 
Figure 1.7: CLX50. 
CLX50 transports CuCl 2  across a circuit with a good materials balance and the iron(HI) 
chloride leachant is regenerated by chlorine released from the anode in the 
electrowinning stage (equation 30). 
2FeCl2() +C12(g) 	2FeCl3(aq) 
	 (30) 
21 
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1.10.3 Bioleaching 
Microbial processes can be used to oxidise insoluble copper sulfide into copper sulfate 
(equation 3 1).2527  Iron(H) is often oxidised to iron(111) at the same time and plays a key 
role in the oxidative leaching of copper(II) (equation 32).28 
	
CUS(S) + 202(g) 	CuSO) 
	 (31) 
CUS(S) + 217e3 ( ) - 	Cu 	+ 2Fe24 (aaJ + S(S) 	 (32) 
The soluble copper sulfates produced can then be subject to the extraction, stripping and 
electrowinning processes of solvent extraction. 
1.11 The benefits of hydrometallurgy over pyrometallurgy 
The mass balance of the solvent extraction system underpins its efficiency and provides 
an advantage over pyrometallurgical processes. The extraction reagents are not 
consumed in the process, thus outlay for materials is lower and little waste is produced 
by them. The process itself leaves only residues from heap leaching, which reduces 
waste treatment costs and makes the process more environmentally friendly. In 
addition, the systems run at low temperatures and expend only a fraction of the energy 
costs that a pyrometallurgical plant might ensue. Consequently the price of copper 
produced by solvent extraction processes is lower; currently 35c per lb, compared to $1 
per lb for pyrometallurgical processes. 
1.12 Reasons for new extractant design 
Phenolic oximes, such as those derived from salicylaldehydes, are very effective 
extractants of copper and have been in use for many years. However, safety concerns 
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and a desire to improve the process further have created a market for new ligand 
designs. 
1.12.1 Toxicological and environmental concerns 
P50 and similar extractants are derived from para-substituted alkylphenols, in particular 
para-nonylphenol, which contains many different isomers with branched alkyls. These 
lipophilic phenols are one of the most widely recognised anthropogenic groups known to 
be endocrine disrupters. Endocrine disrupters can be defined as 'exogeneous agents that 
interfere with the production, release, transportation, binding, action or elimination of 
the natural hormones in the body responsible for the maintenance of homeostasis and the 
regulation of the developmental process'. 29 Whilst the compounds only exhibit weak 
oestrogenicity, the effects are still important because of their occurrence. 30 
The oestrogenicity of para-alkylphenols has been extensively studied, quantified by 
evaluating the binding affinity to the oestrogen receptor and the ability to block the 
body's natural oestrogen, 17,8-oestradiol, shown in Figure 1.8. 
HO 
Figure 1.8: 17fi-oestradiol. 
Recombinant yeast screens have revealed oestrogenicity to be dependent on the size and 
the isomeric form of the alkyl chain; showing a steady increase with number of carbon 
atoms up to a tertiary branched octyl chain. 334  Oestrogenicity is dependent on the free 
phenol hydroxyl group, since anisole (C 6H5OCH3) has shown to be completely 
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inactive .34  As with 1 7/J-oestradiol, the phenolic hydroxyl groups bridge between the 
receptor residues of G1u353 and His524 by hydrogen bonds, the phenol backbone 
structure ofpara-alkylphenols mimicking the phenolic ring in 17/J-oestradiol. Molecular 
recognition of 1 7fi-oestradiol is also accomplished by nonpolar hydrophobic interactions 
of the molecule backbone .34 Thus oestrogenicity of para-alkylphenols increases with the 
size and branching of the alkyl chain due to an increase in hydrophobicity. 
A human receptor binding competition assay also showed a similar relationship between 
the type of alkyl chain and the concentration required to inhibit 50% of the natural 
oestrogen, the 1050 value. It was found that the 1050 value of para-nonyiphenol was 
among the lowest of all the alkylphenols tested, which suggests that it might block the 
effect of naturally occurring oestrogens. 35 
The oestrogenic effects of alkylphenols on aquatic life have also been studied and their 
behaviour has shown to be moderately bioaccumulative. 36' Since on site leakage of 
phenolic oxime extractants, from solvent extraction plants, ultimately filters through 
ground water into lakes and rivers, this is of heightened concern. In addition, the 
biodegradability of alkyiphenols is questionable. In tests utilising single phenolic 
compounds, biodegradability was shown to be low, 38' but more recent tests have 
shown that alkyiphenols can biodegrade when treated as part of a complex phenolic 
mixture from wastewaters. 40 
The use and disposal of alkyiphenols will ultimately be restricted worldwide and 
consequently phenolic oximes, such as P50 may have to be replaced by a second 
generation of extractants. 
24 
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1.12.2 Improving efficiency 
If hydrometallurgical processing is to become the major source of copper in the future, it 
is vital that the process evolves. Improving the efficiency of the solvent extraction 
process is key to its success. A second generation of extractants could be used to 
increase the mass-transfer of copper(I1) in the system beyond the capabilities of current 
extractants, such as P50. This could be achieved by decreasing the unit mass of 
extractant required to extract a unit mass of copper(H). In order for this to be 
implemented, the unit mass of any new ligand required to extract one unit of copper(11) 
would therefore have to less than the total mass of two P50-oxime units. 
1.13 Criteria for an ideal copper extractant 
1.13.1 The 'S' criteria 
Any new extractant should at least work to the same efficiency level as current 
extractants. There are several criteria that should be satisfied if a new extractant is to 










Figure 1.9: The 'S' criteria. 
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Selectivity 
The essence of the solvent extraction process is copper selectivity, it is therefore vital in 
extractant design. The pregnant leach solution may contain a number of metal ions and 
will often contain equal or sometimes greater concentrations of iron(HI) than copper(II). 
Consequently, the pH of the aqueous feeds in the solvent extraction system needs to be < 
2 in order to prevent Fe(III) from forming insoluble hydroxides. A new extractant must 
be able to selectively extract copper under these conditions. 
Strength 
Aldoxime extractants such as P50 bind slightly too strongly to copper(H) ions and 
require the addition of a modifier in order to facilitate stripping. Ideally, the strength of 
a new extractant would be such that the addition of a modifier was not required during 
the stripping step. In practice this may not be possible, but the binding strength of a new 
extractant should not exceed that of an aldoxime extractant. 
Speed 
A new extractant must be able to reach equilibrium in the system as quickly as possible 
to maintain a high turnover. An extractant requiring long periods of time to bind or 
release copper(II) would slow down the extraction step significantly. 
Separation 
Rapid and complete phase disengagement is required between the extraction and 
stripping stages of the solvent extraction process to ensure a clean separation of the 
organic phase and rapid throughput. 
Solubility 
Any extractant and its resulting copper complexes must have a high solubility in 
kerosene and negligible solubility in water. Phenolic oximes, such as P50, contain long, 
branched alkyl chains, which provide a hydrophobic character to the extractant and aid 
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the solubilisation of resulting copper(n) complexes, which are usually less soluble in 
kerosene than the free ligands. 
The solubility of the complexes in kerosene is also promoted by their neutrality, which 
inhibits their affinity for water. The complex should therefore not be charged, or contain 
ligands which are protonatable and able to generate cations in the stripping stage. 
These properties ensure that a third phase could not be produced in the solvent 
extraction system through either the precipitation of insoluble material or partitioning of 
the extractant between the organic and aqueous phases. 
Stability 
Solvent extraction plants are often situated in countries with hot climates such as Chile 
and Zambia, the extractant should therefore be thermally stable. It should also be stable 
against degradation and the action of all other chemicals in the system. 
Safety 
Since solvent extraction plants are usually located in remote areas, operated by a limited 
number of people, it is important that extractants are non-toxic and non-hazardous. In 
addition, highly coloured compounds should be avoided, since their spillage could create 
widespread colour contamination. 
Synthesis 
The synthesis of a new extractant should be simple, using precursors that are cheap and 
readily available, so that large quantities can be easily produced at minimum cost. 
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System 
Any new extractant should be designed with consideration of the existing solvent 
extraction system. Ideally, a new extractant would be able to replace phenolic oximes at 
existing plants without the need for extensive modification of the site. 
1.13.2 Designing a ligand suitable for copper(ii) complexation 
New ligand designs should also encompass a consideration of the properties that create 
stable copper complexes. By devising a ligand that complements the character of the 
copper(11) ion, selectivity will be greatly enhanced. There are a number of factors to 
consider 
Selection of suitable donor atoms 4 ' 
The copper(II) ion is a borderline Lewis acid and is therefore suited to complexation by 
borderline Lewis bases or a combination of hard and soft Lewis bases.42' 
43  In contrast, 
the iron(III) ion, the main potential competitor in the solvent extraction system, is a hard 
Lewis acid and is better suited to hard Lewis bases. 
The donor atoms/ions used are limited by their ability to be deprotonated sufficiently to 
produce stable, neutral copper(II) complexes. Ligands containing combinations of 
nitrogen and oxygen donors are most likely to produce stable copper(H) complexes. 
Thiol donors can result in the reduction of copper(I1) to copper(I), coupled with the 
formation of sulfur-sulfur bonds, leading to 'dead' complexes and are therefore best 
avoided. 44  Ligands containing only oxygen donors are more likely to show a preference 
for iron(II1). 
Ligand geometry and coordination  
The most common coordination numbers of copper(H) are 4, 5 and 6, however 
complexes rarely exhibit a regular geometry due to Jahn-Teller distortion, which arises 
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from unequal occupation of the d2 and d22 orbitals in the eg pair. 'Octahedral' 
complexes are tetragonally distorted, usually with a shortening of equatorial bonds and a 
lengthening of axial bonds. However occasionally the reverse can also occur 
.
45 In many 
cases, the axial ligands are lost, leaving a square planar complex. Consequently the fifth 
and sixth stepwise stability constants are usually much smaller than the first four. 
Designing ligands with the geometry to pre-organise for square planar complexation of 
copper(ll), would take advantage of this trend in the stepwise stability constants, whilst 
hindering the complexation of iron(III), which favours octahedral geometry. 
The coordination geometry can also be dictated by the configuration of the ligand, which 
may result in bond strain and undesired complex formation. Placement of large bulky 
groups in a ligand, such as long alkyl chains, should complement the ligand design and 
predicted complex outcome. 
The Chelate Effect 4 ' 
The overall formation constant for the replacement of single donors in a metal complex 
with multidentate ligands is much greater than that for the replacement with other single 
donors. The introduction of multidentate ligands causes a rise in entropy of reaction, 
which makes the reaction more favourable. In addition, due to steric effects, the most 
stable complexes are those in which the metal ion is contained within a 5 or 6 membered 
chelate ring. 
The use of such multidentate ligands in the solvent extraction system should promote the 
complexation of copper(II) by the extractant and its transfer from the aqueous phase into 
the organic phase. 
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The stability of copper(H) complexes 41 
The formation constants for divalent ions of the first row transition metals increase to a 
maximum for the copper(n) ion, giving rise to the Irving-Williams series (Figure 
1.10).'' 19,46 
Ba2 <Sr <Ca2 <Mg2 <Mn2 <Fe2 <Co2 <Ni2 <Cu2 > Zn2 
Figure 1.10: The Irving-Williams Series. 
This is mainly a reflection of electrostatic effects, but there is a sharp rise from iron to 
cobalt and nickel suggesting there is an additional stabilisation. This can be attributed to 
an increase in the ligand field stabilisation energy from a high spin, divalent tt to a 
ion. The stability of copper(II) complexes is greater than those of nickel(II), despite the 
fact that copper(n) has an additional antibonding electron. This is due to Jahn-Teller 
distortion, which further stabilises copper(II) complexes, elevating the formation 
constant. 
The effects of the Irving-Williams series are largely independent of the type of ligand 
used, 41  consequently selectivity for copper(II) over other divalent metal ions in the first 
row transition series should be easily attained. 
1.14 New ligands 
1.14.1 Type of ligands 
Phenolic oxime extractants, such as those shown in Figure 1.4, complex copper(H) ions 
in a 2:1 ligand to metal ratio (equation 33). Whilst any new ligand design should retain 
the valuable properties of these reagents, in order to improve the mass-transfer 
efficiency (the mass of copper 'carried' per unit mass of extractant) it would be helpful 
30 
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to reduce the ligand to metal ratio (e.g. as in equations 34 and 35) for complex 
formation. 
Cu2 + 2LH g) 	CuL2( ) + 2H 	 (33) 
xCu2 + XLH(org) 	[CUL'] x(org) + 2xH 	 (34) 
xCu2 + L"1­12(0) 4-* CuRL" + 2xH 	 (35) 
If ligands which form complexes with 1:1 stoichiometry are used (equation 34), the 
mass transport efficiency will be improved as long as the molecular weight of the new 
ligand L'H2 is less than twice that of the conventional LH reagent (equation 33). 1:1 
stoichiometry could be achieved in mononuclear, dinuclear or polynuclear complexes. 
Alternatively polyacidic ligands L"H2x could be used and improved mass-transfer will 
then depend on how many Cu 2  ions are carried per ligand. For a mononucleating 
system (x = I, equation 35), the molecular weight of L"H2x should be less than twice 
that of the conventional reagent LH, whilst for a dinucleating system (x = 2), less than 
four times that of LH etc. In this thesis, the use of polyacidic ligands L' 'H2 was 
discounted from the outset on the basis of likely complexity of synthesis and the pH-
dependence of loading. The strategy outlined in equation 34 in practice can be achieved 
in two ways: 
Via a multi-nuclear complex containing x copper(H) ions in an x:x ligand to 
metal ratio. For example, a dinuclear complex would require two ligands. 
Via a complex with one copper(H) centre and a 1:1 ligand to metal ratio. 
Tridentate ligands could be employed to realise both of these possibilities. Neutral, 
dinuclear, square planar complexes could be formed by ligands possessing a donor set in 
which the donor atoms lie in a straight line or create a 900  angle (Figure 1.11). During 
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complexation, two protons would be lost from each ligand and one donor atom would be 
used as a bridge between the two copper(II) centres (Figure 1.11). 
X _ yn 
	
2Cu + 2 	 ' cU ' 	Cu 	+ 4H 
XH 	Y 	ZH 
Y 	Z, 
1,.,. 
	1, 	 ' .
ZH 
+ 2 	 Cu 1111::) + 4W1. x 
Figure 1.11: Possible dinuclear copper(II) complexes from diacidic tridentate ligands. 
Neutral complexes with a 1:1 ligand to metal ratio could be created from diacidic 
tridentate ligands with an additional small neutral auxiliary ligand to complete the 
square planar set. A water molecule would be ideal for this purpose and is readily 
available in the solvent extraction system (Figure 1.12). 
W Cu 	 + 2 Cu2 + 	
Y 	ZR + CX.-  CXH 
Figure 1.12: Possible 1:1 ligand to copper complexes utilising water as an auxiliary ligand. 
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1.14.2 Available ligands 
This project evolved from a joint venture between the University of Edinburgh and 
Cytec Metal Extractants to review all known complexes that contained two or more 
copper centres and the ligands that generated them 
.
47 The work was carried out by Dr 
Andrew Smith at the University of Edinburgh with assistance from the library services at 







more than 2 coppers 
Compounds containing 
2 copper atoms 
Compounds containing any other 
metals, including all other transition 
metals, with the exception of copper 




which are not linked by rings or are connected to rings or chains 
chains e.g. H 20, NO3 , Cl 
Charge neutral complexes 
	 Charged complexes 
Remove undesirable ligands 
ETLIGANDS  
Figure 1.13: Flow sheet describing the method used to refine the search. 
An initial search of the Cambridge Crystallographic Database and Chemical Abstracts 
for compounds that contained more than one copper centre, highlighted over 12,500 
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complexes. This search was subsequently refined by eliminating complexes and ligands 
which did not fit the desired criteria for a copper extractant. Figure 1.13 shows how the 
search was condensed to produce a list of possible target ligands that could possibly be 
employed as copper extractants. 47 
The 'target ligands' that remained could be divided into six main groups: phenols, 
azophenols, imidazoles, iminoketonates, pyrans, pyrazoles, pyridines and pyrroles. In 
addition there were a small number of miscellaneous compounds which did not fit into 
any category. Further preliminary work was carried out at the University of Edinburgh 
and Cytec Metal Extractants on a number of phenol and pyrazolone based ligands. 47 
The foundations of this project were based on results obtained from these initial 
screening tests, with adaptation and improvement of the ligands proposed from the 
outset. The remaining 'target ligands' were considered individually and further 
eliminations were made on the basis of 
The amount of research already completed in the area 
Ease of synthesis 
The potential 'strength' of the ligand for loading and stripping copper(1I) 
Predicted selectivity for copper(H) over iron(III) 
Ligand acidity: predicting sites and ease of ligand deprotonation 
Complex formation and possible steric hindrance between the ligands 
The colour of the ligand 
The tridentate ligands capable of operating as outlined in Figure 1.11 or Figure 1. 12, 
which were chosen for comprehensive study in this project are based on the general 
hydrazone and pyrazolone structures shown in Figure 1.14. The background to their 
chemistry and relevance is explained in Chapters 2 and 3. 
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R N 	OH R = any alkyl 
X = any alkyl or other 
coordinating group 
Hydrazone ligands 
	 Pyrazolone ligands 
Figure 1.14: Ligands chosen for detailed study in this project. 
1.15 Analysing copper(II) complexes by EPR 
The key to this project is the ability to employ EPR for analysis of the copper(II) binding 
array in complexes formed from tridentate ligands during the solvent extraction process. 
Copper(II) has a d9 electronic configuration, with one unpaired electron in the eg pair 
(Figure 1.15). This is the cause of Jahn-Teller distortion, often observed in copper(H) 
complexes, but also creates paramagnetism in the metal ion. Thus, the copper(H) ion is 
EPR active and the signal it produces can be used to trace the movement of copper(II) in 
the solvent extraction process. 
eg 
t2g 
Figure 1.15: The electronic configuration of copper(ii). 
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1.16 Principles of EPR 48  
1.16.1 Single electron case 
A free electron may be treated as a bar magnet with a magnetic moment p ,. (equation 
36). 
= -gBeS (gauss) 	 (36) 
where: /ie = Bohr magneton = eh147me = 9.2731 x 1028 J G 1 
S = Spin quantum number of the electron 
e = charge of the electron 
me = mass of the electron 
In the presence of an external magnetic field the electrons can align with the magnetic 
field producing a lower energy state, or against the magnetic field producing a higher 
energy state. The difference in energy between these two states is proportional to the 
applied magnetic field H0 (equation 37). 
AE=gfihlo 	 (37) 
where: AE = the difference in energy between the two states. 
g = the spectroscopic splitting factor = 2.0023 for a free electron 
Quantum mechanics states that ms, a component of the electron spin vector, may only 
take discrete values of +1/2 or -1/2 . Electrons from the lower state (ms = -1/2) can be 
excited to the higher state (ms = +1/2) using electromagnetic radiation. Equation 38 
shows the energy required for this transition in a magnetic field of strength H0. 
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AE=hv=gfieHo 	 (38) 
where: AE = the energy of the transition 
v = the frequency of the applied radiation 
For a typical magnetic field of 3000 G, applied in an EPR spectrometer, the radiation 
frequencies required are in the microwave region. As a consequence, water is not a 
common solvent in EPR spectroscopy. An absorption spectrum is recorded by varying 
the magnetic field whilst maintaining the microwave frequency constant; it is plotted as 
the first derivative. Therefore it is the double integral of the recorded EPR signal that is 
proportional to the concentration of the paramagnetic species, not the peak height. 
1.16.2 Real copper(n) systems 
Electrons in an atom are not isolated, but associated with a nucleus which also possesses 
the property of spin, given by the nuclear spin quantum number I. The value of I is 
dependent on the number of protons and neutrons in the nucleus. For nuclei with an 
even number of protons and neutrons, I = 0. For nuclei with an odd number of protons 
and neutrons I = an integer (1, 2, 3...). For nuclei with an odd number of protons and an 
even number of neutrons, or vice versa, I = a half integer (1/2, 3/2, 5/2...). 
In the presence of a magnetic field, the nuclear spins are also quantised and the 
component mj of the nuclear spin vector can have the following values: 
m 1 = I, (I - 1), (I - 2), (I - 3), ... -I 
The nuclear spin quantum number (1) for 
63  Cu and 65Cu is 3/2, therefore the allowed 
values of mi are: 3/2, 1/2, -1/2, and -3/2. When a copper(11) ion is subject to a magnetic 
37 
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field, the electron and nuclear spins interact. All combinations of electron and nuclear 
spin are allowed, yielding eight energy states for copper(I1): 
ms = -1/2 	m 1 = ± 1/2, ±3/2 
mg 1/2 	m= ±1/2,±3/2 
Transitions can only occur between the same m states and must obey the selection rules: 
ms = ±1 and m 0. The allowed transitions for copper(H) are shown in Figure 1.16 and 
give rise to four observed peaks in an EPR spectrum. The number of observed peaks 
can also be calculated from equation 39. 
Number of peaks in EPR spectrum = 2n1 + 1 	 (39) 
where: n = the number of nuclei 











Figure 1.16: Observed transitions for copper(u). 
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In a complex system, the unpaired electron of the copper(II) ion is delocalised 
throughout the ligands, therefore hyperfine splitting of the copper(11) signal by the donor 
set can be observed. The proposed hydrazone and pyrazolone ligands both contain 
nitrogen donors for which I = I ( 14N, natural abundance = 99.635%). Using the same 
selection rules, a atom allows the splitting of each copper(II) peak into a further 
three peaks. However this effect is not observed for 170  despite its nuclear spin 
quantum number of 5/2 predicting a split into six peaks. This is due to a low natural 
abundance (3.7 x 102%) of 170  which causes the effect to be very weak and rarely 
recorded. 
The parameters obtained from a copper(II) EPR spectrum give an insight into the 
bonding and donor environment. The copper and hyperfine coupling constants (A cu and 
AN) can be used to predict the location of the unpaired electron of the copper(H) ion in 
the system. The spectroscopic splitting factor (g) varies from that of a free electron 
(2.0023) with respect to the coupling environment. Coupling to unoccupied orbitals 
usually causes a decrease in g, whilst coupling to filled orbitals, as with copper(II), 
usually results in an increase of g. The spectroscopic splitting factor (g) is usually 
between 0 and 5 for transition metal complexes, although sometimes it may be negative. 
1.16.3 EPR of dinuclear copper(u) complexes and application in solvent 
extraction 
Strong interferromagnetic interaction can occur between two copper(H) centres in a 
dinuclear complex. 4951  This can result in almost diamagnetic behaviour and the absence 
of an EPR signal . 52  However the effect can be dependent on the coupling mechanism 
available and the bridge employed between the two copper(II) centres. 
53 
EPR is therefore the ideal tool for study of copper(H) complexes in solvent extraction 
systems, since it is able to quantitatively track the movement of copper(1I) and the type 
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of complex in which it is contained, between the organic and aqueous phases by direct 
analysis of the extraction solutions. 
1.17 Outline of thesis 
Chapter 2 discusses the extraction chemistry of a series of hydrazone ligands (Figure 
1.14) monitored by ICP-OES and EPR. The work is introduced with a short review of 
related hydrazone chemistry and is followed by details of ligand preparation, including a 
discussion of synthetic problems encountered. Spectroscopic identification of both 
ligands and complexes is included, in addition to a discussion of the solid state structures 
of two free ligands. 
Chapter 3 discusses the tautomerism and extraction chemistry of a series of pyrazolone 
ligands (Figure 1.14). The chapter begins with a review of pyrazolone chemistry 
including an historical outlook, details of preparative methods and structural 
identification, concluding with the use of more complex pyrazolone derivatives as 
ligands. Preparation of the new ligands is described followed by a discussion of the 
tautomeric equilibria in the solid, solution and gaseous states. Details of copper(II) 
extraction via an unconventional method studied by ICP-OES and EPR is also reported, 
together with computer simulated predictions of the type of complexes formed during 
the extraction process. 
Chapter 4 studies the effects of the addition of small non-chelating neutral auxiliary 
ligands to the binary hydrazone and pyrazolone systems discussed in Chapters 2 and 3 
(Figure 1.14). The background chemistry of these ternary complexes is discussed in a 
short introduction, which also includes details of specific auxiliary ligands. The 
isolation and solid state structure of a ternary hydrazone complex is reported in addition 
to the solvent extraction capabilities of the ligand mixtures, which are studied by ICP- 
40 
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OES and EPR. A consideration of iron(M) selectivity and stripping potential is also 
included. 
Chapter 5 contains the experimental methodology of extraction set-up and EPR analysis, 
including details of DFT calculations and X-ray crystallography. Preparative methods 
are also included with full characterisation of all compounds made. 
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2.1 Introduction 
2.1.1 Outline 
This chapter deals with the coordination chemistry of complexes of the six hydrazone 
ligands shown in Figure 2.1 and their efficiency as solvent extractants for copper(II). 
C9H 19 
NOAl 
OH N.. 	 OH 
OcLl5 	 Oc I5 
3b 	 3c 
c9H 19 	 c911 19 




0C -1 15 	 0C{15 









Figure 2.1: Hydrazone ligands 3a-3f discussed in this chapter. 
The ligands were selected for study for their potential ability to form dinuclear copper(I1) 
complexes and thus improve the metal : ligand mass ratios in copper transport processes 
(Section 1.13.2). 
Some background on related hydrazones and their coordination chemistry is given 
below. 
47 
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2.1.2 Background 
Hydrazone ligands, with the generic structure shown in Figure 2.2 and their 
corresponding metal complexes, have been subject to considerable study over the last 
fifty years. Much of this work has stemmed from the discovery that salicylaldehyde 
benzoylhydrazone (Figure 2.2, R = Ph), possesses bacteriostatic properties in vitro 
against micro-organisms." 2 The copper complex of salicylaldehyde benzoylhydrazone 
(H2sb), [Cu(Hsb)Cl].H20, has also shown unusual potency as an inhibitor of DNA 
synthesis and cell growth, being one hundred times more effective than the metal free 





Figure 2.2: Generic hydrazone structure. 
An extensive study of the cytotoxic behaviour of salicylaldehyde benzoylhydrazone 
analogues and their metal complexes, against various human and animal cell lines grown 
in culture, has since been carried out. 5 '8  A number of analogues have also been tested as 
potential oral iron-chelating drugs for genetic disorders such as thalassemia, 9 ' 2 whilst 
salicylaldehyde acetylhydrazone (Figure 2.2, R = CH3) has been shown to display 
radiation protective properties. 13 
Salicylaldehyde benzoylhydrazone has also been investigated for the ultra trace 
determination of aluminium, 
 14  the fluorometnc determination of zinc 15 and the use of its 
nickel complex in carbonless copying paper. 16 The potential use of the copper(II) and 
palladium(1I) complexes of other hydrazone ligands in second-order nonlinear optics, 
has also been consisdered.'7 
Chapter 2: Binary Hydrazone Systems 
2.1.3 Metal complexes 
The diverse application of these compounds can be attributed to their versatility as 
ligands. They are known to form metal complexes with tin(IV),'8' 
19 iron(IH),6' 7. 12, 20-23 
iron(H), manganese(II), cobalt(ll), nickel(H), zinc(I1) and platinum,7' 24 palladium(I1),'7 
chromium(H),25 oxovanadium(IV), 26 ruthenium(H1), 27  cadmium(II) and mercury(II). 28 
However, by far the most interest has been in the complexes of copper(ll).3' 7 
8. 17. 20, 22-
26, 28-46 Much of this work has centred around the structural and magnetic properties of 
the copper(II) complexes, which will be discussed in the next section. 
The hydrazones are ONO tridentate ligands, which can be deprotonated at either or both 
of the phenol and amide groups, although the actual ionisation state is dependent on the 
conditions and metal employed. With copper(n) in base, protons from both the phenolic 
and amide oxygen groups are ionized. In neutral and mildly acidic solution only one of 









Y 0 	R 
B 
Figure 2.3: Possible mononuclear complexes of copper(ii) with hydrazone ligands. 
The hydrazone ligands can form mononuclear or dinuclear complexes with copper(H), 
adopting four or five coordination around the central copper atoms. 4 ' The mononuclear 
complexes are usually of the form A or B (Figure 2.3). The hydrazone ligand in A is 
deprotonated only at the phenolic oxygen donor site and a negatively charged ion X is 
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employed to create a neutral complex. The complex can become five coordinate by the 
addition of a water molecule which generates square pyramidal coordination geometry. 
In contrast, in B the ligand is deprotonated at both oxygen donor sites and employs a 
neutral Lewis base Y, to complete a square planar geometry. 
When the hydrazone ligand is dianionic, dinuclear square planar complexes with 
copper(H) can also be observed. The dinuclear complexes could exist in one of two 
possible isomers, C or D (Figure 2.4). Complex C employs the phenolate group as the 
bridge between the two copper centres, whilst complex D employs the amidato oxygen 
atoms. 
2) 
R 	0 0 N 
Y \/\/ N Cu 	Cu 
N/ \/\ 





)rN 0 	0 
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/\ /N/N 





Figure 2.4: Possible dinuclear copper(ii) complex isomers with hydrazone ligands. 
It has been suggested in similar situations that the more negatively charged centre is 
preferred as the bridging atom. 39  Comparison of copper(H) complexes indicates a series 
of preferred bridging oxygen groups which corresponds well to decreasing 
electronegativity 
alkyl-0- > aryl-0 -  > fl-diketone enolic 0 - > ketonic 0> alkyl-OH 
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Alkoxide oxygen atoms are favoured over aryloxide oxygen atoms since they are able to 
offer 03 coordination. However the aryloxide oxygen atom is predisposed to offer P2 
coordination since one of the three available lone pairs is delocalised into the aryl ring. 
The phenolate oxygen atom could be favoured as the bridging donor since the amidato 
oxygen will suffer a loss of negative charge due to the electronegative pull of the 
neighbouring nitrogen centres. In addition, the geometry of the bridge is dependent on 
the location of the lone pairs on the bridging oxygen atom. In C the 
SP  geometry of the 
phenolate oxygen group will direct the oxygen lone pairs towards the copper(II) centres. 
However in D the lone pairs on the amidato oxygen atom will be forced to deviate from 
sp 2  geometry in order to bridge the two copper(n) centres. 
Most of the dinuclear copper(H) complexes observed with hydrazone ligands are of the 
type C, though complexes of type D have been characterized with related molecules. 39 
In practice, single crystal X-ray analysis reveals many of these dinuclear complexes to 
be 5 coordinate square pyramidal, or 6 coordinate elongated tetragonal centres. 
29,30 
2.1.4 Structural and magnetic properties of dinuclear copper(II) complexes 
The dinuclear copper(H) complexes of hydrazone ligands have been studied extensively. 
Combined investigations of X-ray crystallography, EPR, magnetic properties and hR 
analysis have lead to a good understanding of their coordination environment and 
magnetic properties. 
X-ray crystallography 
A number of dinuclear copper(11) complexes of hydrazone ligands have been 
characterised by single crystal X-ray analysis. They are generally centrosymmetnc 
dimers employing the phenolate oxygen centre as the bridge between the two coppers. 
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Both five and six coordinate structures are common, however no four coordinate 
complexes have been recorded. 
1 H2L' X=H,R HL2 X = H, R 
II 	1121-3 X=NO2, 
OH 
 




= C 13H27, R' = H 
R=Ph, R'=H 
Ph, = H 
= Ph, p-CH3Ph,p-CH30Ph orp-CIPh, R' = CH3 
Figure 2.5: Structure of hydrazone ligands H 2 L 1 —H2L4 . 
Five coordinate complexes are known to possess side-by-side planarity of the two square 
pyramidal copper centres. 36  In the complex [Cu2(HL')2(H20)2.2NO3] (Figure 2.5), 
weakly bound water molecules occupy the axial positions in the coordination sphere and 
nitrate ions are connected to the structure by a hydrogen bond network. Other five 
coordinate complexes have been reported with distorted square pyramidal geometry. 30 
In the complex [Cu2(HL2)2C12} (Figure 2.5), the chloride ions occupy the axial sites of 
the two copper centres on opposite sides of the square coordination set. Water 
molecules have also been reported to occupy the axial sites in the complex 
[Cu2(L3)2(H20)21 (Figure 2. 5)•37 
Six coordinate complexes can possess elongated tetragonal geometry with weakly bound 
axial groups. When the axial positions are occupied by trichloroacetate ions as in the 
complex [Cu2(H2L4)2(CC13CO2)41 (Figure 2.5), the four equatorial donor atoms show 
tetrahedral distortion and the copper centres are displaced towards the more strongly 
43 bound tnchloroacetato ligands.  
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EPR analysis 
A copper(Ii)-doped zinc(H) complex was prepared using a 95:5 molar ratio of zinc and 
copper acetates together with a hydrazone ligand derived from salicyihydrazone and o- 
hydroxypropiophenone (Figure 2.6). The solid phase EPR spectrum of this compound 
was assigned to the presence of both mononuclear and dinuclear units. 
42 The signal 
associated with the mononuclear unit is strong, due to the higher probability of finding 
monomers than dimers at such low concentrations of copper and is surrounded on either 
side by weak hyperfine lines. These were attributed to a dinuclear structure (Figure 2.4), 
which has been observed in other work Weak Weak spin forbidden transitions, indicative of 
a triplet state, which appear at roughly half the field strength of the observed monomer 
signal, also confirm the presence of the dinuclear structure. 42 





Figure 2.6: Hydrazone tigand derived from salicyittydrazone and o-hydroxypropioptleflOfle. 
Magnetic properties 
The effective magnetic moments of dinuclear copper(H) complexes, such as 
Cu2(I-IL2)2Cl21 (Figure 2.5), have been followed down to liquid nitrogen temperatures 
and indicate antiferromagnetic coupling between the two copper(II) centres.29 
30,  The 
extent of this antiferromagnetic interaction is dependent on a number of factors. An 
increase in the pyramidal character of the bridging phenolate oxygen, tetrahedral 
distortion of the basal plane containing the copper(H) centres and a decrease in the Cu- 
450 0-Cu bridge angle can all result in a weakening of the antiferromagnetic interaction.  
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Infrared spectra analysis 
The free hydrazone ligands shown in Figure 2.2 are characterised in the infrared spectra 
by bands indicative of N-H, C=O, C=N and C-N functionality. 
29, 30 On formation of 
dinuclear complexes such as [Cu2(L5)2] (Figure 2.5), bands attributed to N-H and C0 
groups are lost, but are replaced by intense absorption at Ca. 1615 cm' due to an 
asymmetric vibration of the conjugated C=N-N-C residue. An amide band also appears, 





Figure 2.7: Enolamine tautomer of the hydrazone ligands. 
2.1.5 Application of hydrazone ligands in solvent extraction 
Studies of the solvent extraction of manganese(II), cobalt(H), nickel(ll), zinc(H) and 
cadmium(II) by o-hydroxybenzaldehyde isonicotinoyl hydrazone (BIM (Figure 2.8), 
together with the spectrophotometric properties of the resulting metal complexes 
suggest5 ' that BIH is only deprotonated at the phenolate oxygen donor site and behaves 
as a bidentate ligand, forming 2:1 complexes of probable structure shown in Figure 2.8. 
Absorbance spectra were used to follow the formation of these complexes in a one phase 
1:1 v/v water/dioxane mix with increasing pH. 
Complex formation with manganese(II), cobalt(ll), nickel(H), zinc(II) and cadmium(H) 
occurred between pH 4.5 and pH 9.0 up to a maximum, indicated by the development of 
colour. However, the copper(11) complex of BIH is formed at a lower pH range of 2.0 to 
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6.0 and copper(H) can be selectively extracted at pH 4 in the presence of manganese(II), 





NH 	 - 	LN 
o 
Figure 2.8: Structure of BIH and the 2:1 ligand to metal complexes formed by manganese(II). 
cobalt(ii), nickel(ii), copper(II), zinc(II) and cadmium(ii) 
The ability of BIH to extract these metals from the aqueous phase into organic media 
such as chloroform, 1 -pentanol and I -octanol, was considered unsatisfactory due to the 
insolubility of the complexes in the solvents used. Whilst extraction could be achieved, 
in some cases, such as the extraction of Zn(H), Mn(H) and Cd(ll) into chloroform, results 






DBSAH X= Br, YBr 
NSAH X=NO2,Y=H 
Figure 2.9: Hydrazone ligands used to extract lanthanoids (Ln) 
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A series of hydrazone ligands (Figure 2.9) have also successfully been employed to 
extract lanthanoid ions (Ln 34): praseodymium, europium and ytterbium, into 1,2- 
dichloroetharie. 53  These experiments were carried out at a constant ionic strength, 
controlled by addition of NaC104, using a 12% v/v addition of tri-n-butylphosphate 
(TBA). The pH was adjusted by the addition of a buffer solution. 
Results suggest the formation of a 1:2:3:1 complex, [Ln 34(HU)2(TBP)3(C104)], with 
pH.., values for the three metals following the order Yb < Eu < Pr. Substitution of 
electron withdrawing groups in the phenyl ring at positions X and Y, results in lower 
pH. values. The greatest effect is noted in the case of DBSAH (X = Br, Y = Br), which 
extracts ytterbium with a pH./, of 3.3. 
Replacing the methyl group in SAil with longer alkyl groups up to a C13 chain results in 
a greater solubility of the lanthanide complexes in 1,2-dichioroethane, indicated by an 





Figure 2.10: Salicylaldehyde n-octanohydrazone. 
The extraction kinetics of ytterbium with salicylaldehyde n-octanohydrazone (Figure 
2.10) in the presence of both tributyl phosphate and perchlorate, under similar 
experimental conditions, have also been studied. 55  The rate of extraction was shown to 
be first order with respect to concentrations of ytterbium(Ill) in the aqueous phase and 
salicylaldehyde n-octanohydra.zone in the organic phase. It was also inversely first order 
with respect to the hydrogen ion concentration, whilst being zero order with respect to 
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tributyl phosphate at low concentration in the organic phase and first order at higher 
concentration. Two mechanisms have been proposed for this extraction: the formation 
of [yb(HL)] 2  from and I-IL and the formation of [Yb(HL)(TBP)] 2 
 between 
[Yb(TBP)] 3  and RU, both of which are rate determining. 
2.1.6 New ligands used in this thesis 
The proposal outlined in Chapter 1 (Section 1.14) to study hydrazone ligands with the 
generic structure shown in Figure 1. 14, originated from an interest in 'strengthening' the 
extraction ability of P50 oximes. The substitution of an electron withdrawing nitro 
group in the 3 position (Figure 2.11) was expected to increase the acidity of the ligand 
and therefore its strength as an extractant, due to a decrease in pKa of the hydroxyl 
group. 
NO,-# 
OH N~l OH 
Figure 2.11: Nitro substituted P50. 
Nitro-substituted P50 oximes have been shown to stabilise cobalt(n) over cobalt(111) in 
solid state complexes and are able to form three centre hydrogen bonds (Figure 2.12), 
which further enhance their extractant strength. 56  In practice the cobalt(II) centres are 
octahedral in geometry with DMSO molecules occupying the axial positions, however 
these are removed for clarity here. 










Figure 2.12: Cobatt(ii) complex of nitro substituted P50 featuring three centre hydrogen bonds. 
Axial coordinating DMSO groups are removed for clarity. 
Continuing with this theme, Cytec Metal Extractants used the nitro-substituted 
semicarbazone ligand shown in Figure 213 to extract copper(H) and observed loading 
that could only be attributed to the formation of a complex with an empirical 1:1 ligand 
to copper(11) ratio. 
NH 
C8H17 
Figure 2.13: The semicarbazofle ligand used by Cytec Metal Extractants. 
Figure 214 shows that for this 3-nitro substituted semicarbazone ligand, formation of 
the preferred phenolate bridged dinuclear copper(II) complex is impossible due to 
overlap of the nitro group with the second ligand. Similar problems would also be 
encountered with hydrazone ligands. 
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CH1 
Figure 2.14: Potential stenc hindrance in the phenolate bridged dinudear copper(ii) complexes 
of the 3-nitro substituted semicarbazone tigand. 
It is possible that a ternary copper(H) complex analogous to B in Figure 2.3, which 
employs a neutral ligand as the fourth ligand, could have formed. However no 
additional neutral ligands were used in the extraction formulation. 
Since the preferred dinuclear copper(I1) complex conformation appears to be prevented 
by ligand-ligand repulsion, 3-nitro substituted semicarbazone and hydrazone ligands 
could be forced to form dinuclear complexes in an unconventional manner. We 
considered two possibilities for ligands 3b and 3d (Figure 2.1) studied in this chapter: 
The first complex E (Figure 2.15) is formed through the use of the amidato oxygen atom 
as the bridge between the two copper(H) centres and although is rarely observed with 
hydrazone ligands of this type, is the conventional alternative to a dinuclear complex 
employing the phenolate oxygen atom as the bridge. However, as previously described 
in Section 2.1.3, the lone pairs on the amidato oxygen atom will be forced to deviate 
from sp2  geometry in order to bridge the two copper(II) centres. This will result in steric 
strain causing formation of this isomer to be unfavourable. 






















Figure 2.15: Possible alternative dinuclear copper(II) complex conformations for 
ligands 3b and 3d. 
The second, complex F in Figure 2.15 is unusual in that it employs one of the oxygen 
atoms from the nitro groups as a donor, creating a dinuclear complex with a central 
cavity. Although the bond angle strain associated with the amidato oxygen bridge is 
now relieved and there is no clash between the nitro group on one ligand and the 
carbonyl group on the other ligand, as in Figure 2.14, a planar arrangement would 
generate a concentration of charge inside the central cavity due to the lone electron pairs 
of the inner donating oxygen atoms, which are directed to the centre of the complex as a 
result of their sp2  geometry. This could affect the stability of the complexes and 
encourage twisting or folding from planarity. 
The alternative way empirical 1:1 loading could be achieved, through the formation of 
mononuclear copper(H) complexes with the additional coordination of a neutral donor, 
such as water, to complete the square planar set (Figure 2.16), is the focus of Chapter 4. 
For the purpose of solvent extraction, such complexes are required to be neutral and 
therefore the extractant must be doubly deprotonated in order to form an assembly with 
a neutral auxiliary ligand, [Cu(L-2H)L']. 
WO 








H.,O 	0 	C7H 1 
Figure 2.16: Possible extractable mononuclear copper(u) complexes of ligands 3b and 3d, 
where L' is a neutral ligand such as H 20. 
2.2 Preparation of Free Ligands 
2.2.1 	 (3a) and 2- 
(3c) 
Ligands 3a and 3c were prepared via a two step synthesis (Scheme 2.1). 2-Hydroxy-5-
teri-butyl-benzaldehyde 2a and 2-hydroxy-5-nonyl-benzaldehyde 2e were prepared via 
the formylation of 4-tert-butyl-phenol la and 4-nonyl-phenol 1b. 
17  They were isolated 
in 63% and 65% yields respectively. The ligands 2-hydroxy-5-tert-butyl-benzlaldehYde-
octanoy1hydrazone 3a and 3c were 
prepared via Schiff base reactions with octanoic hydrazide. 3a was prepared in 
methanol and isolated as a white crystalline powder in an 80% yield. 3c was prepared in 
acetonitrile and isolated as a viscous dark brown oil in an 81% yield. With a higher 
boiling point than methanol, acetonitrile provides a higher temperature for the reaction, 
preferred due to the increased bulk in the nonyl derivative which may have adversely 
affected the progress of the reaction. 
ril 
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MOMe) Toluene 	
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OH 	 OH 0 	 OH 0 
1 a R = tBu 




2d R = C9H19 
2* - Methanol 	
2NH—< 	
2b - Methanol 




0 	7 IS 
3aR='Bu 3b R = 'Bu 
3cR=C9H 19 
	 3dR=C9H19 
Scheme 2.1: Preparation of tridentate hydrazone tigands 3a, 3b, 3c and 3d. 
2.2.22-Hydroxy-3-nitro-5-teft-butyl-benzaidehyde-octanoylhydrazone (3b) and 
(3d) 
2b and 2-hydroxy-3 -nitro-5-nonyl-
benzaldehyde 2d were prepared with nitric acid from la and lb respectively (Scheme 
2.1). 2b was isolated as a yellow crystalline solid in a 33% yield whilst 2d was isolated 
as a bright yellow/brown viscous oil in an 89% yield. The difference in yield can be 
attributed to difficulties experienced in the isolation of the tb utyl derivative, which was 
separated from viscous mother liquors. The ligands 2hydroxy-3-nitro-5-tert-bUtYl-
benzaldehydeoctanoylhydraZone 3b and 2hydroxy3-nitro-5-nOflyI-befl2a1dehYde 
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octanoylhydrazone 3d were again prepared via Schiff base reactions with octanoic 
hydrazide in methanol and acetonitrile respectively. 3b was isolated as a yellow 
crystalline solid in an 86% yield, whilst 3d was isolated in almost quantitative yield as a 
bright yellow/brown viscous oil. 
2.2.3 2-Hydroxy-3-methyl-5-noflyl-beflZaldehYde-OCta noylhydrazone (3e) 
2-Hydroxy-3-methyl-5-nonyl-benzaldehyde-OCtafloylhYdraZOfle 3e was prepared from 2-
hydroxy-3-methyl-5-nonyl-benzaldehyde 2e, obtained from Cytec Metal Extractants, via 
a Schiff base reaction with octanoic hydrazide in acetonitrile (Scheme 2.2). It was 
isolated as a viscous brown oil in a 77% yield. 
C9H 19 











Scheme 2.2: Preparation of tridentate hydrazone ligand 3e. 
2.2.4 2-Hydroxy-3-tert-butyl -5-nonyl-benzaldehyde-octanOylhydraZOfle (3f) 
2-tert-Butyl-4-nonylphenol ic (Scheme 2.3) was prepared from 2-tert-butylphenol and 
nonene using a fulcat clay catalyst present at 3% by weight of 2-tert-butylphenol. The 
product mixture was subject to vacuum distillation and resulted in the separation of a 
large fraction of unreacted 2-tert-butylphenol, which was identified by TLC. The 
residue contained several fractions and the product was subsequently isolated via 
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functionality around a phenyl ring, evident in this case through the isolation of a further 
fraction identified as 4-tert-butylphenol by NW. Consequently the product ic, was 
isolated only in a 58% yield. 
2Hydroxy3tert-butyl-5-nony1-beflZa1dehYde 21 was prepared via the formylation of ic 
and isolated in a 24% yield. 57  The bulky 'butyl functionality in the 3 position of the 
phenyl ring may be responsible for the significant decrease in yield from 63% and 65% 
observed the preparations of 2a and 2e (Scheme 2.1). 
C9H19 








31 	 2f 
Scheme 2.3: Preparation of tridentate hydrazone ligand 3f. 
3f was prepared via a 
Schiff base reaction of 21 with octanoic hydrazide and was isolated in quantitative yield. 
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Due to the negligible solubility of 2f in acetonitrile, heptane was used as the reaction 
solvent, chosen due to its higher boiling point. 
2.3 Ligand characterisation 
2.3.1 1 H NMR 
Since the alkyl region in the 'H NMR spectra of 3a-3f often contained indistinguishable 
multiplets, particularly for the nonyl substituted 3c-3f, peaks associated with the imine, 
N-H and 0-H groups were used to identify the ligands. The imine and 0-H groups 
appear at approximately 8.2 and 10.0 ppm respectively, although this is dependent on 
their functionality. The chemical shift of the N-H group was shown to be roughly 
proportional to the concentration of the ligand used (Figure 2.17), which resulted in up-
field or down-field movements of the N-H peak depending on the amount of ligand 
added to the NMR sample. Since the N-H peak appeared in a similar region to the 0-H, 








0 	10 	20 	30 	40 
Weight of 3d in NMR sample (mg) 
Figure 2.17: The dependence of chemical shift on the weight of 3d dissolved into NMR samples 
of the same volume. 
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The disappearance of peaks associated with the aldehyde groups of the precursors 2a-2d 
(Scheme 2.1), 2e (Scheme 2.2) and 21 (Scheme 2.3) at approximately 11 ppm also aided 
the identification of the ligands and allowed the progress of the Schiff bases reactions to 
be monitored. 
2.3.2 IR 
The hydrazone ligands can be characterised by six key bands observed in the IR spectra; 
N-H stretching, 0-H stretching, C=0 stretching, C=N stretching, N-H bending and C-N 
stretching. These frequencies are similar for all six ligands 3a-3f (Figure 2.1) and are 
shown in Table 2.1. The presence of C=0 and N-H bands reveal the predominance of 
the ketoamide tautomer in the ligands, the generic structure of which is shown in Figure 


















(cm 1 ) 
3a 3189 3082 1669 1624 1557 1263 
3b 3179 3095 1669 1625 1585 1268 
3c 3203 3055 1662 1625 1558 1277 
3d 3205 3054 1669 1626 1533 1265 
3e 3201 3054 1661 1615 1559 1271 
31 3198 3054 1659 1612 1560 1273 




Figure 2.18: The generic ketoamide tautomer of 3a-3f. 
2.3.3 X-ray crystallography 
A summary of details of the structure determinations are included in Section 5.6 and 
crystal data is presented in Table 5.9 (Chapter 5). In addition, all structure files can be 
found in Folder: Chapter 2-crystal structures on the appendix CD. 
2Hydroxy-5-tert-butyl-benzIaldehyde-octanOyIhydraZOfle (3a) 
The structure of the molecule which defines the asymmetric unit is shown in Figure 
2.19. 3a exists as the ketoamide tautomer (Figure 2.18) in the solid state, based on the 
determined positions of hydrogen atoms and a consideration of bond lengths. The 
N(10)-C(1 1) bond length, 1.3558(17) A (Table 2.2), is typical of average bond lengths 
recorded for single sp2  C-N bonds, whilst the C(1 1)-0(12) bond length, 1.23 12(17) A is 
typical of average bond lengths recorded for double ,2  C=O bonds. 58 
The O-N-O donor set lies in the plane of the benzene ring, whilst the N(10)-C(1 1)-
C(13)-C(14) torsion angle, 77.27(0. 16)° (Table 2.2), indicates that the C 7H 15 alkyl chain 
deviates significantly from this planarity. A noticeable feature of the structure is that the 
donor set is not arranged in an orthogonal form to define three sites in square planar 
complexes with copper(II). The ligand would require significant rearrangement, 
involving a 1800  rotation about the N(10)-C(11) bond, prior to complexation. This could 
potentially affect the ability of the ligand to extract copper(II). 
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Figure 2.19: Structure of 3a in the solid state. 
Table 2.2: Selected bond lengths and angles for 3a 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(10)-C(11) 	 1.3558(17) 
C(11)-O(12) 	 1.2312(17) 
N(10)-H ... O(12)' 	2.023 
O(12) ... N(10)-H' 	2.023 
Selected torsion angles (°) H-bond lengths (intra) (A) 
N(10)-C(1 1)-C(13)-C(14) 	77.27(0.16) O(1)-H ... N(9) 	1.917 
3a exists as a dimer in the solid state due to the formation of intermolecular hydrogen 
bonds between N(10)-H"0(12)' and 0(12)N(10)-H' (Table 2.2). Intramolecular 
hydrogen bonding is also present between N(9) 0(1)-H. The molecules pack in planes 
created by the planarity of the benzene ring and the attached donor set. These planes are 
offset by the C711 1 5 alkyl chains, which pack together between the molecules. At the 
periphery of the unit cell, molecules situated at almost 900  to the central planes, with 
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respect to the C 7H 15 alkyl chains, create further planar stacks, which interact in a similar 
manner. 
Figure 2.20: Dimers formed by 3a in the solid state via intermolecular hydrogen bonding. 
2-Hydroxy-3-nitro-5-tert-butyl-benzaldehyde-octanoylhydrazone (3b) 
The structure of the simple molecule which defines the asymmetric unit is shown in 
Figure 2.21. The solid state structure of 3b shares many similarities with 3a. 3b also 
exists as the ketoamide tautomer (Figure 2.18) in the solid state which was again 
ascertained from the placement of hydrogen atoms and a consideration of bond lengths. 
The N(10)-C(1 1) bond length, 1.344(7) A (Table 2.3), is typical of average bond lengths 
recorded for single sp2 C-N bonds, whilst the C(1 1)-O(12) bond length. 1.230(6) A is 
typical of average bond lengths recorded for double sp2 C=O bonds. 58 However the 
structure of 3b contains some disorder in the C7H 15 alkyl chain, which is not observed in 
3a. 















Figure 2.21: Solid state structure of ligand 3b. 
The O-N-O donor set lies in the plane of the benzene ring, however the nitro group 
deviates slightly from this planarity as indicated by the C(4)-C(3)-N(3 1 )-O(32) torsion 
angle, 2.51(8)°. In addition, the C 7H15 alkyl chain only deviates severely from planarity 
beyond the point of disorder at C(16). 
Table 2.3: Selected bond lengths for 3b 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(10)-C(l1) 	 1.344(7) 
C(I1)-0(12) 	 1.230(6) 
N(10)-H"0(12)' 	1.992 
0(12)"N(10)-H' 	1.992 
Selected torsion angles (°) H-bond lengths (intra) (A) 
C(4)-C(3)-N(3 l)-0(32) 	2.51(8) 0(l)-H---0(33) 	1.864 
As observed in 3a, the donor set is not arranged at a 90° angle ready to form square 
planar complexes with copper(II). A rotation of 180° around the N(10)-C(11) bond is 
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required prior to complexation, which again may affect the ability of the ligand to 
extract copper(ll). 
3b also exists as a dimer in the solid state due to the formation of intermolecular 
hydrogen bonds between N(10)-H0(12)' and 0(12)N(10)-H' (Table 2.3). These are 
somewhat shorter than the intermolecular hydrogen bonds in 3a, which can be attributed 
to the electron withdrawing effect of the nitro group which increases the polarity of the 
donor and acceptor bonds. There is also intramolecular hydrogen bonding in the ligand, 
however, unlike 3a, this occurs between 0(1)-H0(33) (Table 2.3). 
The molecules stack head to tail as dimers in the planes created by the planarity of the 
benzene ring and the attached donor set. At the periphery of the unit cell, further planar 
stacking occurs of a similar nature. These planes are offset from the central stacking 
unit by the C7H15 alkyl chains of both stacks which are directed towards each other 
between the planes. 
2.4 Preparation and characterisation of copper(U) complexes 
dicopper(II) 
[Cu2(3a-2H)2] was prepared by mixing an ethanolic solution of copper(11) acetate with 
an ethanolic solution of ligand 3a in a 1:1 ratio. It was isolated from the reaction as a 
dark green powder in an 83% yield. Bis[(1.t2hydroxy-3-nitro-5-tert-butyl-
benzaldehyde-octanoylhydra.zone)onO(-2)] dicopper(II) [Cu2(3b-214)2] was prepared in a 
similar manner from ligand 3b and was isolated in an 89% yield. 
Attempts to dissolve samples of these complexes in a range of organic solvents revealed 
a very limited solubility, which indicated that 3a and 3b would be unsuitable for solvent 
extraction experiments and restricted efforts to isolate single crystals for X-ray analysis. 
However, information obtained from elemental analysis, mass spectrometry and infra- 
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red spectroscopy enabled the identification of dinuclear copper(II) complexes. No 
evidence was obtained for the alternative ternary, mononuclear species, often produced 
upon the reaction of hydra.zone ligands with copper(n) chloride. 30 
The IR spectra of the copper(II) complexes prepared from 3a and 3b were of particular 
interest since they revealed a significant structure change from the free ligands. Bands 
corresponding to 0-H, C=0 and N-H functionality observed in the spectra of the free 
ligands were replaced by intense adsorptions at 1618 cm' and 1623 cm -1 for [Cu2(3a-
214)2] and [Cu2(3b-2H)2] respectively. These correspond to the asymmetric vibration of 
the conjugated C=N-N=C residue created when the ligands are deprotonated at both 
oxygen donor sites and form 2:2 ligand to copper(H) complexes. 5 ' 30' 
Further attempts to generate single crystals of these dinuclear complexes for X-ray 
analysis prompted the addition of a few drops of pyridine to a methanolic solution of the 
complex [Cu 2(3b-2H)2}, in order to increase its solubility. Evaporation of this solvent 
mixture over a period of three months did result in the formation of crystals, which were 






Figure 2.22: Mononuclear copper(ii) complex formed by 3b on addition of methanol and pyridine 
to the dinuclear complex. 
The resulting complex, which is discussed in detail in Chapter 4, was revealed to have a 
ternary structure containing one copper(II) ion, one molecule of ligand 3b, one pyridine 
molecule and one methanol molecule (Figure 2.22). Previous efforts to produce single 
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crystals of dinuclear copper(H) hydrazone complexes through the addition of other 
highly solubilising, but coordinating solvents such as DMF, have also resulted in the 
isolation of mononuclear ternary complexes. 
13 
2.5 Extraction of copper(u) studied by ICP-OES and EPR 
2.5.1 Extraction setup 
Although the solubility of the dinuclear copper(II) complexes of ligands 3a and 3b was 
shown to be limited, preliminary tests revealed that the nonyl substituted ligands 3c-3f 
and their copper(H) complexes, were sufficiently soluble for solvent extraction 
experiments. 
The extraction experiments involved the capture of copper(II) ions in the aqueous phase 
at the interface, by ligand molecules in the organic phase. An average of fifteen two 
phase extraction experiments, producing fifteen 'points' on an S-curve, were undertaken 
for each ligand. The make-up of the series of 'points' used for 3d is given in Table 5.1 
(Chapter 5, Section 5.3.3) as an example. The ligands were supplied in chloroform at a 
concentration of 0.05 mol dm 3 in conjunction with an aqueous feed that provided one 
mole of copper(II) for every mole of ligand. The pH of the extraction 'points' was 
varied through the addition of aqueous sodium hydroxide and sulfuric acid, which was 
intended to deprotonate or re-protonate a certain percentage of the ligands. 
The extraction mixtures were stirred for sixteen hours and as extraction progressed, the 
bright orange colour of the solubilised ligands was replaced by the colour of the 
resulting copper(n) complexes. The extent of this colour change was dependent on the 
pH of the sample, with more acidic 'points' showing little change in colour, indicating 
negligible copper(H) transfer from the aqueous to organic phase. More basic 'points' 
became dark green indicating greater copper(1I) transfer into the organic phase. 
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The S-curve was produced by plotting the equilibrium pH against the concentration of 
copper(fl) in the organic phase, which was measured by ICP-OES. Organic and aqueous 
samples analysed by EPR, were taken directly from the extractions. The parameters 
used are listed in Tables 5.6 and 5.7 (Chapter 5, Section 5.3.6). Further details of the 
experimental methodology can be found in Section 5.3. 
2.5.2 3-Nitro substitution in the hydrazone ligand (3d) 
The resulting S-curve of the 3-nitro substituted ligand 3d, shown in Figure 2.23, clearly 
displays a double inflection. The percentage of copper(H) extracted increases with pH to 
a plateau at 50% between - pH 2 and pH 3. At pH> 3, the percentage of copper(II) 





0 	 1 	2 	3 	4 	 5 	6 
j1 
Figure 2.23: Variation in copper(ii) extraction by ligand 3d with pH. 
This double inflection indicates a two step loading process for the 3-nitro substituted 
ligand 3d. Since one mole of copper(H) is available for every mole of 3d in the 
extraction system, the curve suggests that at 50% loading two ligands are required to 
extract one copper through the formation of a 2:1 ligand to metal complex, whilst at 
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100% loading one ligand is required to extract one copper. This suggests the formation 
of a complex with an empirical 1:1 ligand to copper(II) ratio. This could be either a 
polynuclear complex with an x:x 3d to copper(II) ratio, or a mononuclear copper(H) 
complex, employing an auxiliary ligand, with a 1:1 3d to copper(fl) ratio. 
EPR analysis of the copper(H) loaded organic samples enabled the structural activity of 
the complexes to be probed. Figure 2.24 shows the EPR spectra of a selection of 
extractions in which up to 50% of the available copper, as measured by ICP-OES, has 
been extracted into the organic phase. A weak EPR signal is observed when only 13% 
of the copper(H) has been extracted, but this strengthens with increasing pH and further 
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Figure 2.24: EPR spectra of the organic phase of a selection of extractions for ligand 3d from 0- 
50% copper(ii) loading. The key indicates the percentage of copper(u) extracted into the organic 
phase, as measured by ICP-OES. 
The signal growth suggests an increasing presence of a paramagnetic copper(n) centre. 
Only three of the peaks in the expected signal are observed since the fourth, situated at 
lower field, is too broad to be resolved. The peaks become narrower and more defined 
as the magnetic field increases, revealing super-hyperfine coupling to ligand nuclei and a 
secondary structure of a further five peaks. 
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Figure 2.25 shows the EPR spectra of a selection of extractions in which between 50% 
and 100% of the available copper has been extracted into the organic phase. The same 
EPR signal is observed, but in this case, as copper(II) loading increases with pH, the 
signal decreases in intensity. A minimum is reached when the extraction of copper(II) 
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Figure 2.25: EPR spectra of the organic phase of a selection of extractions for ligand 3d from 50 
- 100% copper(Ii) loading. The key indicates the percentage of copper(ii) extracted into the 
organic phase, as measured by ICP-OES. 
The growth of the EPR signal shadowing the increase in copper(H) extraction up to the 
plateau region at 50%, can be attributed to the formation of a 2:1 ligand to copper(H) 
complex. The predicted structure of this complex, shown in Figure 2.26, is analogous to 
those formed by cobalt(II) with nitro substituted P50 type oximes. 56 
The hyperfine coupling constants and the g value associated with this structure (Table 
2.4), calculated through modelling of the EPR spectra, show good correlation with data 
for other nitrogen bound copper(H) centres.60 
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Figure 2.26: 2:1 ligand to copper(II) complex predicted for ligand 3d. 
Whilst the g value is also dependent on the coordination environment, the variation from 
that observed for a free electron, is largely dependent on the occupancy of the 
surrounding orbitals. In the case of copper(H), the surrounding d orbitals are filled, 
which causes an increase in the g value. 
The hyperfine coupling constants obtained from the five line splitting pattern associated 
with the nitrogen donors, reveal coupling to two equivalent nitrogens. This supports the 
proposed structure in Figure 2.26, which uses the imine nitrogen donors to bind copper. 
The unpaired electron is assumed to couple to the N donor atoms of the ligands. 
Table 2.4: EPR parameters for 3-nitro substituted ligand 3d 
Ligand system g A 	(G) AN (G) 
3d 2.1973 68.0 9.8(2N) 
It is likely that the complex would be pseudo-macrocyclic containing three centre 
hydrogen bonds between the amide N-H group of one 3d molecule with oxygen atoms 
of the nitro and phenolate groups of a second. This intermolecular hydrogen bonding 
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could also facilitate pre-organisation of the ligand system, which would result in a 
favourable complexation process. Since the donor set of related 4-'butyl substituted 
ligand 3b is noted to adopt a linear conformation in the solid state, similar behaviour of 
ligand 3d would be expected. This could also mean little reorganisation of the ligand 
system would be required prior to complexation. 
The decrease of the EPR signal following the continued rise in copper(1I) extraction with 
pH up to 100% indicates a decrease in the 2:1 species (Figure 2.26) and formation of a 
copper(H) complex, which does not give an EPR signal. This suggests the final complex 
contains an equal number of copper(II) ions, which are anti ferromagnetical ly coupled, 
resulting in observed diamagnetism. This can be attributed to formation of a complex 
with a 2:2 3d to copper(H) ratio. Diamagnetic behaviour of other dinuclear copper(H) 
hydrazone complexes has been reported and a superexchange pathway proposed for the 
coupling of the two paramagnetic centres. 6 ' 
The EPR data do not support formation of a ternary complex with a 1:1 3d to copper(U) 
ratio, since this would only result in a further growth of the observed EPR signal. In 
addition, a change in the type of paramagnetic copper(H) complex formed is likely to 
affect the shape of the EPR signal. The spectra in Figure 2.24 and Figure 2.25 each 
contain three clear isosbestic points, which suggests all the spectra are associated with 
the same species. 
All dinuclear copper(II) hydrazone complexes reported in the literature are known to 
favour bridging via the phenolate oxygen atom. As discussed in section 2.1.6, the 
position of the nitro group in ligand 3d is likely to disfavour this conformation. 
Therefore if ligand 3d does form a dinuclear complex, it must be of the type E or F 
(Figure 2.15). 
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The formation of complex F is supported by the observed movement of the N-O 
stretching band between the IR spectra of the free ligand, an extraction sample 50 1/6 
loaded with copper(II) and an extraction sample 100% loaded with copper(ll). Table 2.1 
shows the frequencies of the N-O bands observed in each case. The decrease of the N-O 
stretching frequency from 1534 cm -1  in the free ligand to 1502 cm' in the extraction 
sample 100% loaded with copper(II) could indicate the binding of the nitro group to the 
copper(H) ion, since increased conjugation is known to lower the absorption of the N-O 
stretch to this range. 62 
Table 2.5: Observed change in the N-O stretching band with increased copper(ii) extraction 
Nitro group environment N-O stretching band (cm) 
Free ligand 3d 1534 
50% copper(I1) extraction 1515 
100% copper(] I) extraction 1502 
Since EPR spectra are plotted as the first derivative, the intensity of an EPR signal is 
measured as the double integral of the observed curve. Initially it was decided to use the 
peak heights as an approximation to the intensity. As this gave satisfactory results, 
suggesting that for these EPR experiments intensity is directly proportional to the peak 
height, it was decided to use the peak height in all further analyses. The peak heights of 
the EPR spectra for ligand 3d are related to the concentration of the paramagnetic 2:1 
ligand to copper(H) complex in the solvent extraction system. Modelling of the data by 
Dr Simon Daff resulted in the bell shaped curve with a Boltzman distribution pattern 
shown in Figure 2.27, which can be used to identify the pHv/, values of each inflection. 
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Figure 2.27: The relationship between peak height and pH for ligand 3d shows a 
Boltzman distribution pattern. 
The pHi,', for the formation of the 2:1 ligand to copper(II) complex in the first inflection 
is 1.3, whilst the pH for the formation of the 2:2 ligand to copper(H) complex in the 
second inflection is 3.2. These values compare well with the ICP-OES results given in 
Figure 2.23. The difference between the two can be attributed to the enhanced stability 
of the 2:1 ligand to copper(II) complex, due to the three centre hydrogen bonds, 
compared to the 2:2 ligand to copper(II) complex, which is likely to suffer from 
intermolecular steric strain. 
This also explains why extraction of copper(II) with 3d actually proceeds via a two step 
process; formation of the 2:2 3d to copper(n) complex must be so unfavourable that the 
system opts to extract as much copper(II) as possible via a more stable intermediate, 
such as the 2:1 3d to copper(II) complex, before it is forced to continue via the dinuclear 
complex. 
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2.5.3 3-Hydro and 3-methyl substitution in the hydrazone ligands (3c and 3e) 
The extraction capabilities of the 3-hydro and 3-methyl substituted ligands (3c and 3e, 
Figure 2.1) were compared to 3d. They produce similar S-curves (Figure 2.28), which 
show only a single inflection. The maximum loading of 3e appears to be less than 
100%, however 'points' with a higher pH than those plotted could not be included due to 
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Figure 2.28: Variation in copper(ii) extraction with pH for 3c and 3e determined by ICP-OES. 
The single inflections suggest the direct formation of complexes with an empirical 1:1 
ligand to copper(II) ratio. However, two step loading cannot be ruled out, because if an 
intermediate species is of similar stability to the final species, a double inflection, as 
seen with 3d, may not be observed. 
EPR spectra of chloroform solutions, taken from a selection of 3c and 3e extraction 
experiments, are very similar and indicate a parallel chemistry. EPR spectra of the 3c 
extraction system are shown in Figure 2.29. The key indicates the percentage of 
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copper(n) present in each sample, as measured by ICP-OES. EPR spectra of 3e can be 
found in Folder: Chapter 2-Chloroform EPR in the appendix CD. 
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Figure 2.29: EPR spectra of the organic phase of a selection of extractions for ligand 3c from 0 - 
100% copper(ii) loading. The key indicates the percentage of copper(ii) extracted into the 
organic phase, as measured by ICP-OES. 
The spectra for 3c and 3e are markedly different to those obtained for 3d. Although the 
EPR signals appear to be quite large, it is important to note that the arbitrary y axis, or 
the 'gain' (Table 5.6, Chapter 5, Section 5.3.6) is ten times larger for 3c and 3e than for 
3d. Therefore by comparison, the EPR spectra for 3c (Figure 2.29) and 3e are actually 
very weak. However they do show a characteristic signal for a paramagnetic copper(fl) 
centre, of which, as with 3d, only three of the peaks are observed, since at low field the 
fourth peak is too broad to be observed. This signal is largest at low pH and decreases to 
the solvent baseline with increasing pH and percentage copper(II) extracted. 
Hyperfine splitting of the copper(II) peak at high magnetic field into a further five peaks 
is again observed. This splitting pattern is indicative of coupling to two equivalent 
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nitrogen donor atoms, which is confirmed by coupling constants (AN, Table 2.6), 
obtained from modelling of the EPR spectra. 
Table 2.6: EPR parameters for 3-hydro and 3-methyl substituted ligands 3c and 3e 
Ligand system g A' (G) AN (G) 
3c 2.1730 81.0 14.7(2N) 
3e 2.1748 92.0 14.7(2N) 
This information suggests that as with 3d, the EPR signals are due to formation of 
complexes with a 2:1 ligand (3c or 3e) to copper(II) ratio (Figure 2.30). 
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Figure 2.30: 2:1 ligand to copper(ii) complex predicted for 3c and 3e. 
The nitrogen coupling constants (AN)  for the 2:1 complexes of 3c and 3e are identical, 
but somewhat larger than that for 3d. The coupling constants indicate the degree of 
interaction of the lone copper(1I) electron with surrounding nuclei. AN  is smaller for 3d 
than 3c and 3e due to the electron withdrawing nature of the nitro group, which will 
result in decreased electron density at the copper(H) and nitrogen atom sites of the 
83 
Chapter 2: Binary Hydrazone Systems 
complex compared to 3c and 3e. The larger copper(I1) coupling constants for 3c and 3e 
compared to 3d (68.0 G) is in agreement with this argument. 
The g values for the 2:1 complexes of 3c and 3e are also similar, indicating formation of 
similar complexes. Although lower than that for 3d, they are still increased from that for 
a free electron (2.0023), which is indicative of coupling to filled copper(H) d orbitals. 
However, since the signals are so weak in comparison to the concentration of copper(H) 
used, these 2:1 species can only be present at a residual level. It is therefore thought that 
what is actually observed is the absence of an EPR signal due to the formation of the 
diamagnetic (phenolate oxygen atom-bridged) dinuclear complexes shown in Figure 
















Figure 2.31: Diamagnetic phenolate budged dinuclear copper(ii) complexes formed 
by 3c and 3e. 
When R is small (Figure 2.31), formation of the preferred phenolate oxygen atom 
bridged dinuclear complexes is not obstructed and therefore 3c and 3e are able to extract 
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and 3.0 for 3e, can be attributed to the size of the methyl group, which although not 
large enough to block formation of the phenolate bridged dinuclear complexes, may still 
create some steric hindrance between the ligands. This will reduce the stability of the 
dinuclear copper(I1) complex of 3e compared to that of 3c, causing its formation to be 
less favourable. 
2.5.4 3-tButyl substitution in the hydrazone (3f) 
It was proposed that substitution of a 'butyl group at the 3-position in the ligand (3f, 
Figure 2.1) would provide sufficient bulk to the system to completely block the 
formation of dinuclear copper(II) complexes of type C and D (Figure 2.4). In addition, 
formation of the isomer F (Figure 2.15), proposed for 3d, would also be impossible 
since the 'butyl group is non-coordinating. 
G 
Figure 2.32: Possible copper(ii) complexes of 3f. 
It was thought that ternary complexes employing water molecules from the extraction 
system as the fourth coordinate would form (G, Figure 2.32). Isolation of some related 
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complexes has already been reported 
.
63-6 ' Alternatively, the system could only extract 
half of the copper(n) available, in complexes with a 2:1 ligand to copper(II) ratio (H, 
Figure 2.32). This could be clearly distinguished from the formation of G from 
extraction data, since it would result in the percentage of copper(fl) extracted reaching a 
maximum at 50% 
The S-curve obtained for 3f is shown in Figure 2.33. It is clear that the system is still 
able to extract copper(II) in an empirical 1:1 3f to copper(I1) ratio, since copper loading 
greatly exceeds 50%. However, as with 3e, 100% loading could not be obtained because 
the extraction 'points' with a higher pH than those plotted, produced a third phase, 
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Figure 2.33: Variation in copper(ii) extraction by ligand 3f with pH. 
Since all possible dinuclear copper(II) complex isomers are blocked, it is assumed that 3f 
extracts copper(II) in the form G (Figure 2.32). This is confirmed via the EPR spectra of 
a selection of chloroform solutions, taken from a number of extraction 'points', for 
3( 00 
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which the percentage of copper(fl) extracted extends over the full range of the S-curve 
(Figure 2.34). 
The EPR spectra for 31 were obtained over a much wider magnetic field range (Table 
5.6, Chapter 5, Section 5.3.6) and therefore the signal is significantly broader than those 
recorded for 3c, 3d and 3e. The spectra contain only a single peak, which increases in 
height with pH and increasing percentage of copper(II) extracted. As discussed in 
Section 1.16.1, water is not suitable for use as an EPR solvent since it is easily excited 
by the microwave source, which affects the EPR spectra produced. The broadness of the 
signal and the absence of any hyperfine structure for the extracted species therefore 
suggest that a water molecule is coordinated to the copper(H) centre. 
_0% C'u(H) 
—20% Cu (H) 
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Figure 2.34: EPR spectra of the organic phase of a selection of extractions for ligand 3f from 0- 
100% copper(u) loading. The key indicates the percentage of copper(ii) extracted into the 
organic phase, as measured by ICP-OES. 
This is reflected in the g value for the extracted species, which at 2.1258, is lower than 
those for 3c, 3d and 3e (Figure 2.1). This can be attributed to the coordination 
environment of G (Figure 2.32), which contains three oxygen donor atoms and only one 
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nitrogen donor atom. In addition it indicates that the copper(I1) centre has more freedom 
of movement, which may be due to a lack of intermolecular hydrogen bonding in the 
complexes and the ability of the copper(H) centre to influence the position of the 
coordinated water molecule. 
At 2.8, the pH for 3f is lower than that observed for 3e. If 3f were able to form the 
dinuclear copper(II) complex isomer C (Figure 2.4), it would be expected to have a 
higher pH./, than 3e, since the inter-ligand interactions would be greatly increased by 
changing the methyl group to a tbutyl group. This is another indication that the extracted 
species are different to those formed by 3c and 3e. 
2.6 Tracking movement of copper(11) by EPR 
The [Cu(H20)6] 24  ion can also be detected by EPR in the aqueous phase. Figure 2.35 
shows the EPR spectra of the aqueous solutions taken from a selection of extraction 
'points' for 3c (Figure 2.1). The key indicates the amount of copper(II) extracted by the 
organic phase, as measured by ICP-OES and therefore the amount of copper(H) that is 
removed from the aqueous phase. For example, -15% Cu(H) indicates that 15% of the 
copper(I1) in the aqueous phase has been extracted into the organic phase, leaving 85% 
of the total in the aqueous phase. The spectrum labelled 100% Cu(II), is that of a sample 
containing all the available copper(1I) in the system, at the same concentration as the 
extraction feeds. It is made from stock solutions (Section 5.3.3) and is used directly for 
EPR analysis. 
The EPR signals are broad, deficient in hyperfine coupling and closely resemble the 
spectra obtained for the complex G (Figure 2.32) This is due to the problems associated 
with using water as a solvent for EPR analysis, as discussed in Section 1.16.1. 
However, since we know the observed signals are associated with the [Cu(H20)6] 2  ion, 
a lack of structural detail is unimportant. The signal is seen to decrease with increasing 
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pH and percentage of copper(I1) extracted into the organic phase. Similar spectra have 
also been obtained for the aqueous solutions taken from extractions with 3d, 3e and 3f. 
These can be found in Folder: Chapter 2-Aqueous EPR and reverse S-curves on the 
appendix CD. 
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Figure 2.35: EPR spectra of the aqueous phase of a selection of extractions for 3c. The key 
indicates the percentage of copper(ii) in the organic phase, as measured by ICP-OES and 
therefore what is lost from the aqueous phase. 
As discussed in Section 2.5.2, the height of the EPR peaks is found to be proportional to 
the concentration of copper(H) in solution in all these experiments. By assuming the 
peak height of the sample, 100% Cu(ll), represents the capacity of the aqueous feed, the 
percentage of copper(H) remaining in each aqueous solution can be calculated by ratio. 
Plotting this data against the pH of the samples produces a 'reverse S-curve', which 
records the loss of copper(II) from the aqueous phase with increasing pH. By tracing 
this data over the organic S-curve (Figure 2.36), the movement of copper(H) between the 
two phases can be tracked. The two curves cross at 50%, which demonstrates the 
effective mass balance of the system and also confirms the ability of EPR to provide 
quantitative concentration data. 
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Figure 2.36: The movement of copper(ii) in the extraction system can be tracked by plotting the 
concentration of copper(ii) in the organic phase, as measured by ICP-OES against the 
concentration of copper(u) in the aqueous phase, as determined by the height of the EPR peaks. 
Similar curves have been produced from extraction data for 3d, 3e and 3f (Figure 2.1). 
These can be found in Folder: Chapter 2-Aqueous EPR and reverse S-curves on the 
appendix CD. 
2.7 Predicting complex conformations 
It was not possible to obtain crystals of the complexes [Cu2(3c-2H)2] to define whether 
the phenolate or the amidato bridge isomers (C or D, Figure 2.4) had been formed, or if 
the unconventional structure F (Figure 2.15) was a viable alternative for 3d (Figure 2.1). 
Ab inirlo calculations to predict the relative stability of these isomers were undertaken by 
Dr Sarah Hinchley on forms of the ligand containing only H-substituents (3g and 3h, 
Figure 2.37), to greatly simplify the calculations. The periphery of the molecules is not 
expected to affect the central coordination sites in the host system and therefore the 
monosubstituted ligands 3g and 3h (Figure 2.37) should provide a realistic model of the 
coordination preference. Details of the methods used can be found in Section 5.7.2. 
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Figure 2.37: Simplified molecules of 3c (3g) and 3d (3h) 
2.7.1 3-Hydro substituted ligand 3g simplified from 3c 
The energies of the idealised structures of the phenolate oxygen bridged isomer (I, 
Figure 2.38) and the amidato bridged isomer (ii, Figure 2.38) obtained from DFT 
calculations are given in Table 2.7. The phenolate oxygen bridged isomer i is predicted 
to be more stable than the amidato bridged isomer ii by 32.3 kJ mol'. The structure i is 
analogous to C (Figure 2.4) and was expected to be more favourable than the alternative 
ii, analogous to D (Figure 2.4) for two reasons. 
Table 2.7: Energies of complexes i and ii optimised using B3LYP/631G*, with energy 
differences between the complexes 
Complex B3LYP/631G* Energy Difference 
(Hartrees) (kJ moE') 
-4417.4972 0.0 
ii -4417.4849 +32.3 
The coordination spheres around the copper(H) centres in complexes of the type C 
(Figure 2.4) were expected to be square planar in geometry, whilst those in complexes of 
the type D (Figure 2.4) were expected to be distorted from the square. It was predicted 
that the complexes would distort in order to alleviate bond angle strain suffered by the 
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bridging amidato oxygen atom, which in order to achieve idealised geometry is required 
to deviate significantly from sp2 geometry. 
w 









Figure 2.38: Idealised systems i and ii used in calculations. 
Whilst DFT calculations predict that neither i or ii would have an ideal square planar 
geometry in the real systems, demonstrated by the range of bite angles observed around 
the copper(II) centres in both complexes (Table 2.8), the adjacent angles 107.6° (0(2)-
Cu(1)-0(3)) and 98.7° (N(4)-Cu(1)-0(2)) in ii create a greater deviation from the square 
than is observed in i. The 'squareness' of the structures is also affected by the bond 
lengths to the atoms coordinated to the copper(I1) centres. However, the effects of the 
variations observed in both structures (Table 2.8) are small in comparison to those of the 
bond angles. 
In addition to the expected increased stability over type D complexes (Figure 2.4), the 
structure C was proposed to be favoured due to electronegativity effects as discussed in 
Section 2.1.3. Study of related ligands has shown that bridging with the phenolate 
oxygen atom usually occurs due to its greater elecronegativity in comparison to the 
amidato oxygen centre. Mulliken charge distributions support these findings and show a 
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greater charge density at the phenolate oxygen atoms (-0.77, 0(3) and 0(5)) in i (Figure 
2.38) than the amidato oxygen atoms (-0.57, 0(4) and 0(23)). 
Table 2.8: Predicted bond lengths and angles of the coordination spheres in i and H. Chemically 
similar bond lengths/angles are arranged on the same lines 
I ii 
Bond lengths (A) 
Cu(l)-N(2) 1.897 Cu(1)-N(4) 1.881 
Cu(l)-0(3) 1.944 Cu(l)-0(2) 1.841 
Cu(1)-0(4) 1.907 Cu(1)-0(5) 1.982 
Cu( I )-0(5) 1.969 Cu(l)-0(3) 1.941 
Bond angles (°) 
N(2)-Cu( I )-0(3) 93.6 N(4)-Cu( 1 )-0(2) 98.7 
0(3)-Cu(1)-0(5) 76.7 0(3)-Cu(1 )-0(5) 74.0 
0(5)-Cu( I )-0(4) 106.8 0(2)-Cu( I )-0(3) 107.6 
0(4)-Cu( I )-N(2) 82.9 0(5)-Cu( 1 )-N(4) 79.7 
Cu( 1 )-0(5)-Cu(6) 103.3 Cu( I )-0(5)-Cu(6) 106.0 
Cu( 1 )-0(3 )-Cu(6) 103.3 Cu( I )-0(3 )-Cu(6) 106.0 
2.7.2 3-Nitro substituted ligand 3h simplified from 3d 
The idealised structures of iii, iv and v, analogous to F (Figure 2.15), D and C (Figure 
2.4) respectively are shown in Figure 2.39 and their energies calculated via DFT 
methods are presented in Table 2.9. Despite predictions that formation of the phenolate 
oxygen bridged isomer of type C might be blocked due to overlap of the nitro group 
with the arm of a second ligand as in Figure 2.14, DFT calculations predict that v would 
be significantly more stable than iii and iv, with the previously proposed structure iii (F, 
Figure 2.15) being the least stable of the three. 
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Table 2.9: Energies of complexes iii and v optimised using B3LYP/631G*, with energy 
differences between the complexes 
Complex B3LYP/63IG* Energy Difference 
(Hartrees) (kJ mor') 
iii -4826.4537 +124.2 
iv -4826.4703 +80.6 












Figure 2.39: Idealised systems iii and v used in calculations. 
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Whilst the bite angles of the coordination sphere in iv (Figure 2.39) indicate a greater 
deviation from idealised square planar geometry than those in iii (Table 2. 1), suggesting 
that 3d (Figure 2.1) complexes of type D (Figure 2.4) should be more unstable than 
those of type F (Figure 2.15), iv is more stable than iii by 43.6 Id mol'. This is most 
likely related to the set geometry in iii, in which the lone electron pairs of 0(1), 0(4), 
0(25) and 0(29) are directed into the central cavity. The overall Mulliken charge 
distributions of the coordinating oxygens, -0.62 (0(1)), -0.43 (0(4)), -0.43 (0(25)) and - 
0.62 (0(29)) are less than those in iv (-0.63, (0(5) and 0(7), -0.65, 0(3) and 0(12)), but 
the concentration of the charge at the centre of the complex creates an unfavourable 
effect. 
Table 2.10: Predicted bond lengths and angles of the coordination spheres in iii and iv. 
Chemically similar bond lengths/angles are arranged on the same lines 
iii iv 
Bond lengths (A) 
Cu(2)-0(1) 1.890 Cu(2)-0(3) 1.841 
Cu(2)-0(3) 1.906 Cu(2)-0(7) 1.977 
Cu(2)-0(4) 2.002 Cu(2)-0(5) 1.936 
Cu(2)-N(5) 1.921 Cu(2)-N(4) 1.877 
Bond angles (°) 
N(5)-Cu(2)-0( 1) 92.1 0(3)-Cu(2)-N(4) 98.0 
0(3 )-Cu(2)-N(5) 82.9 N(4)-Cu(2)-0(7) 79.9 
0(1 )-Cu(2)-0(4) 82.5 0(7)-Cu(2)-0(5) 74.4 
0(4)-Cu(2)-0(3) 102.3 0(5)-Cu(2)-0(3) 107.7 
Cu(2)-0(7)-Cu(8) 105.6 
Cu(2)-0(5)-Cu(8) 105.6 
As observed with idealised complexes of 3g (Section 2.7.1), DFT calculations predict 
the most stable isomer to be that in which the copper(II) centres are bridged by the 
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phenolate oxygen atom, v. However, due to potential steric clash between overlapping 
portions of the ligands, the complex is predicted to be highly distorted from planarity in 
the real system, existing as va (Figure 239), in which the nitro groups coordinate 
weakly from axial positions to the copper(11) atoms in the other half of the dimer, 
consistent with square pyramidal geometry. This additional coordination is supported 
by solid state FR, discussed in Section 2.5.2, which shows a significant decrease in the 
frequency of the N-O stretching between the free 3d ligand and the dinuclear complex 
[Cu2(3d-2H)2], indicating binding of the nitro groups to the copper(11) centres. 
The preference for v over iii and iv may be related to the additional coordination of the 
nitro groups, which will provide extra stability to the complexes over the four centre 
coordination offered by iii and iv. In addition, as observed with 3g (Section 2.7.1), the 
Mulliken charge distributions of the amidato oxygens (-0.43, 0(40) and 0(41)) in v are 
lower than those of the phenolate oxygen atoms (-0.73, 0(3) and 0(4)), suggesting a 
higher electronegativity at the phenolate oxygen atoms, which is known to favour 
copper(H) bridging in these types of complexes (Section 2.1.3). 
2.8 Conclusions and future work 
The work presented in this chapter evolved from the discovery of copper(II) loading, 
with the semicarbazone ligand shown in Figure 2.13 by Cytec Metal Extractants, which 
could only be attributed to the formation of complexes with an empirical 1:1 
semicarbazone to copper(II) ratio. Formation of binary dinuclear complexes, [Cu2(L-
2H)2] or ternary mononuclear complexes, [Cu(L-2H)L'], incorporating a non chelating 
neutral ligand L', were suggested, but could not be distinguished at the time. 
Extraction-EPR studies of systems 3c-3f (Figure 2.1) have shown that the pH, value and 
the species via which copper(II) is extracted, are dependent on the size of the substituent 
in the 3-postion of the phenol ring. 
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When the substituent is hydrogen (3c), direct extraction of copper(II) occurs via the 
dinuclear complex [Cu2(3c-21-I) 2]. This has been confirmed by the absence of an EPR 
signal, due to antiferromagnetic coupling of the two copper(H) centres, which results in 
diamagnetism. Although the pH, for the extraction of copper(II) with 3c, in a dinuclear 
complex, is the lowest of the hydrazone series, it is still higher than those for current 
commercial extractants. The ability of the ligand to form complexes with copper(II) 
may be somewhat affected by the predicted structure of the ligand in the solid state. The 
donor set of the analogous ligand 3a in the solid state has been shown not to be pre-
organised for the formation of square planar complexes; requiring significant 
rearrangement of the ligand prior to complexation. A similar effect is noted in the solid 
state structure of 3b. 
The methyl substituted ligand (3e) has also been shown to extract copper(H) directly via 
the diamagnetic dinuclear complex, [Cu2(3e-2H)2]. However the pH./,of the system was 
increased from that of 3c, which can be attributed to weak inter-ligand interactions 
introduced into the complexes by the increased size of the methyl group compared to 
hydrogen. 
When the size of the substituent is increased to a nitro group (3d), two step loading is 
observed. EPR studies have allowed us to attribute this to the formation of the 
diamagnetic dinuclear copper(I1) complex, [Cu 2(3d-2H)2], via an intermediate 
paramagnetic complex, [Cu(3d-H)2], with structure analogous to copper(H) complexes 
formed by P50 oximes. The preference for intermediate stoichiometry is assumed to be 
related to the additional stabilisation in the 2:1 complex [Cu(3d-H) 2], which is afforded 
by the bifurcated hydrogen-bonds, which generate the pseudo-macrocyclic structure 
shown in Figure 2.26. The pHi., for the formation of the dinuclear complex is again 
increased with the size of the 3-substituent, indicating increased inter-ligand interactions 
in the complex. 
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The substitution of a 'butyl group into the ligand (31) appears to completely block the 
formation of any dinuclear complex isomers and forces the system to extract copper(H) 
via a paramagnetic, ternary mononuclear complex employing a water molecule as the 
fourth coordinate, [Cu(31-2H)H20}. This behaviour is confirmed by the growth of a 
broad single peak in the EPR spectra. 
Although solid state structures could not be obtained, DFT calculations indicate that for 
idealised models of the dinuclear copper(H) complexes of both 3g and 3h, the phenolate 
oxygen bridged isomers of type C (Figure 2.4) are favoured. However va (Figure 2.39), 
formed by 3h, is highly distorted from planarity and shows additional binding of the 
nitro groups to the copper(H) centres, resulting in square pyramidal geometry. This is 
supported by solid state IR study of the 3d complexes and suggests that the structure of 
[Cu2(3d-2H')2] is more likely to be analogous to va than the previously proposed 
structure F (Figure 2.15). 
The ligand series 3c-3f has successfully been employed to increase the mass-transfer of 
copper(n) per unit mass of ligand from that observed with current commercial 
extractants. However the range of pH, values obtained for the series show that they are 
weaker extractants than P50 oxime. In reality the pH range (> 2.5) needed for the high 
loading is not feasible for the aqueous feeds in an extraction plant, as this will lead to the 
precipitation of other metals in the pregnant leach solution, most notably, iron(llI). 
Nonetheless, studies of the stability, phase disengagement, extraction kinetics and 
stripping capabilities of the ligands should be undertaken to assess their potential as 
solvent extractants. 
Substitution of a group such as a carboxylate to generate a triacid extractant LH3, could 
allow the formation of trinuclear copper(n) complexes with a 2:3 ligand to copper(H) 
ratio (Figure 2.40). This would further increase the mass-transfer of copper(I1) per unit 
mass of ligand and also provide an interesting EPR study if the copper(11) centres were 
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extracted sequentially. In reality, these complexes are likely to be much less soluble 
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Figure 2.40: Possible tnnudear copper(II) complex of a 3-carboxylate substituted hydrazone. 
The option of using an 'auxiliary ligand' L' to promote the formation of ternary 
complexes [Cu(3x-2H)L'] is explained in Chapter 4. 
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Chapter 3: Binary Pvrazolone Systems 
3.1 Introduction 
3.1.1 Outline 
This chapter discusses the structure and tautomensm of a series of four pyrazolone 
ligands 9a-9d (Figure 3.1). The coordination chemistry of the bulky derivative 9d and 
its potential to form dinuclear copper(H) complexes, as detailed in Section 1:13.1, is 













Figure 3.1: Pyrazolone ligands 9a-9d discussed in this chapter. 
Some background on the tautomeric study of some related pyrazolones and their 
potential application as solvent extractants is given below. 
3.1.2 Historic background' 
Pyrazolone chemistry has an extended and practical background. Some of the first 
successful commercial synthetic organic chemicals were derived from 2-pyrazol-5-ones. 
Antipyrine (Figure 3.2) was marketed as an organic drug following its preparation by 
Ludwig Knorr in 1883. While tartrazine (Figure 3.2), the yellow food colouring, was 
discovered a year later and is still in use today. 
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Figure 3.2: Structures of antipnne and tartrazine. 
By 1964 there was already sufficient literature on pyrazolones to occupy an entire 
volume in Wiley's heterocyclic series and interest has waned little since. Pyrazolones 
are interesting not least due to their intricate tautomeric structure, but because they have 
found use in a varied number of applications. Pyrazolone derivatives are used as dyes, 2 ' 
to synthesise biologically active compounds 4 and for the construction of condensed 
heterocyclic systems.5' 6  Most importantly, in the context of this thesis, there is active 
interest in their use as chelating reagents for the extraction of metals. 7"2 
3.1.3 Preparation, reaction and important properties of 2-pyrazol-5-ones' 
Simple 2-pyrazol-5-ones can be synthesised a number of ways, but are most commonly 
prepared via the condensation of a /J-aldehydo- or fi-keto-ester with a hydrazine (Figure 
3.3). They are usually isolated in high yield, although this is dependent on the 
substituents in the ring, with more elaborate groups reducing the yield significantly. 
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The chemistry of pyrazol-5-ones is centred around the activity of C(4) in unsubstituted 
rings, which undergoes reactions characteristic of an alkene. Pyrazolones undergo 
aromatic substitution at C(4), with halogenation, nitration and coupling with diazonium 
salts occurring readily. Alkylations and condensation with aldehydes and ketones also 
occur at C(4) in 2-pyrazol- 5 -ones. In addition, reactions with formamides, amidines, 
acid chlorides, esters, anhydrides and a number of other compounds have been reported.' 
These types of reaction enable the synthesis of functional derivatives and are central to 
the current project. 
lR) ' O 
2R R 3 
+ 	R5NHNH2 
1 R3 R 	R 
Figure 3.3: Preparation of pyrazol-5-ones via the condensation of a -aIdehydo- or /3-keto-ester 
with a hydrazine. 
Pyrazol-5-ones are generally considered to be weak acids, but 2-pyrazol-5-ones are 
somewhat stronger than 3-pyrazol-5-ones. Many can be titrated with strong bases and 
pKa  values between 6.2 and 11.0 have been reported. Substitution also affects acidity, 
with pyrazolones unsubstituted at N(1) being somewhat stronger acids than those that 
are substituted at N(1). This means they can be more easily deprotonated, which makes 
them suitable candidates for the formation of anionic ligands. 
3.1.4 Structure and tautomerism of simple pyrazol-5-ones' ,13 
Pyrazolones have long been the subject of interest as a result of their ability to exist in 
several tautomeric forms. The tautomeric ratio is influenced by the local environment, 
such as the type of solvent, which can be altered to favour a desired tautomer for study 
or reaction. Unsubstituted pyrazol-5-ones possess the most fundamental structure of the 
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pyra.zol-5-one family, but their tautomerism is complicated by the presence of the N-H 
group which is responsible for three of the tautomeric pairs, A E, B - F and C - D 
in Figure 3.4. 
There are eight tautomeric forms A-H (Figure 3.4) of unsubstituted pyrazol-5-one and 
additionally five possible zwitterionic forms I-M (Figure 3.5). All of these are 
theoretically possible and no one can be considered to define the system completely." 
13 
H 	 1I H 
I ,NOH 	H 
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Figure 3.4: Possible tautomenc forms of pyrazol-5-ones. 
Pyrazol-5-ones can be substituted in a number of positions around the ring and in each 
case this results in certain tautomeric forms becoming unattainable. Substitution at N( 1) 
will only allow structures A, B, C, K and L whilst at N(2) only C, D, I, J, K, L, and M. 
Substitution at both N(1) and N(2) allows only C, K and L, whilst at N-(l) and di-
substitution at C(4) allows only A. 
The observed ratio of tautomers is dependent on the local environment of the pyrazol-5-
one; whether they are analysed in the solid state or in solution and indeed the solvent in 
which they are solubilised. A combination of spectroscopic techniques can be used to 
determine tautomeric ratios by identifying key spectroscopic features that correspond to 
particular functional groups. 
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Figure 3.5: Possible zwittenonic forms of pyrazol-5-ones. 
X-ray diffraction has shown tautomer C to be the prominent tautomeric form in the solid 
state, existing as a dimeric structure with hydrogen bonding between the carbonyl and 
N-H groups (Figure 3.6).' 
H 
0-- ri TI 	 I 
cNN ;J) 
Figure 3.6: Dimeric structure of tautomer C in the solid state. 
13 
In non-polar solvents, tautomers A and D predominate, having been identified by IR and 
UV spectroscopy respectively. In aprotic dipolar solvents, such as DMSO and pyridine, 
the —OH tautomer D is favoured, whilst in less basic solvents, such as dioxane and TI-IF, 
a small amount of A is also observed. In protic solvents, such as water and alcohols, 
only tautomers C and D are present, with addition of acid favouring tautomer C and 
addition of base favouring D.' Calculated free energies indicate that C is the most stable 
tautomer in aqueous solution, in agreement with the experimental estimate.' 
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Theoretical calculations show tautomer A to be the most stable, with B the least stable 
and C and D lying somewhere in the middle. HUckel calculations have shown tautomers 
E-H to be greatly unfavoured, which is supported experimentally, since no absorptions 
corresponding to these tautomers have ever been noted during a tautomeric study of 
pyrazol-5-ones. 13 
There has been considerable debate regarding the zwitterionic forms of pyrazol-5-ones. 
Evidence for their structural contribution has been provided by studies of dipole 
moments, ultraviolet data and bond lengths.' Abnormally high dipole moments for 2,3-
dimethyl-I-phenyl-3-pyrazol-5-one and its thiono analogue indicate an approximate 
35% contribution of Land K.' A structure analogous to K has also been proposed for 2-
pyrazol-5-thiones on the basis of dipole moments.' The only dipole moment reported 
for a 2-pyrazol-5-one is 2.54 for 3-methyl-2-pyrazol-5-one, however other work 
revealed a strong absorption in the infrared spectrum between 2700 and 2400 cm', 
concluding that the predominant structure was the zwitterionic form 
The ability of pyrazolones, in particular acyl pyra.zolones, to chelate metals and their 
potential application as metal extraction reagents, has created a significant interest in the 
tautomerism of a variety of other pyrazolone derivatives. 14-22  
3.1.5 Use of pyrazolones as bidentate ligands 
The coordination chemistry of acyl pyrazolones has been extensively studied .23' 24 
Metals such as tin, 10 strontium, 25  silver, 8,26,27 , rhodium, 7 vanadium,28 and iron 12  all form 
stable complexes with acyl pyrazolones. They have been found to extract a wide range 
of metals such as palladium(H), 29 cobalt(II) and nickel(I1),30' 31  molybdenum(vI),32 
uranium,33 copper(II), 36 iron(II) and iron(ffl), 37 zinc(II), 38 various lanthanides, 9 and 
alkaline earth metals.39 
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Acyl pyrazolones share a similar structural motif to fl-diketones (Figure 3.7) and interest 
in their extraction abilities has stemmed from a consideration that they may be viable 
alternatives to commercial fl-diketones, used in ammoniacal leach copper recovery 
circuits, discussed in Chapter 1. Replacements are required since current fl-diketone 
extractants, such as LIX 54, are liable to form imines upon contact with high levels of 
ammonia resulting in a loss of available extractant and poor phase disengagement in the 
solvent extraction process. 
Acyl pyrazolones have been shown to extract and strip copper(II) efficiently from sulfate 
media, with a high selectivity for copper(1I) over iron(1II). 4° However, the useftulness of 
acyl pyrazolones has been hindered by the poor solubility of their metal complexes. 4 ' 
H 5C7 
0 0  
/\ 	 N 
LIX 54 	 Acyl pyrazolones 
R, R' = alkyl, aryl 
Figure IT Comparison of acyl pyrazolone to -diketones. 
Diazopyrazolones contain a similar structural motif to the commercial phenolic oxime 
extractants (Figure 3.8) and have also been shown to be suitable reagents for the 
recovery of copper by solvent extraction from ammoniacal leach solutions. They 
complex copper(II) weakly and are stripped readily, meeting the requirements for 
recovery from an ammoniacal feed. The 'weakness' of the diazopyra.zolones as copper 
extractants has been ascribed to steric repulsion arising from the acyl group attached to 
the azo unit. X-ray structure determination shows the copper(1I) complexes to have 
2 	 42 significant deviations from planarity of their N202 donor sets.  








Phenolic oximes 	 Diazopyrazolones 
R2 = alkyl, R'=H R4,R5 =alkyl 
Figure 3.8: Comparison of diazopyrazolones and phenolic oximes. 
The coordination chemistry of pyrazolone oximes (Figure 3.9) has been also been 
studied . 4346  They have been used to make complexes of a number of transition metals 
such as oxovanadium(IV), chromium(Ill), manganese(II), cobalt(iI), nickel(H), zinc(II) 
and copper(H) (Figure 3.9, R = Ph, R' = 14). 44 
In addition, they have been shown to mimic P50 oximes in the extraction of copper(II), 
forming pseudo-macrocyclic complexes with 2:1 ligand to copper(11) ratios and inter-
molecular hydrogen bonding. 40  X-ray crystallography of pyrazolone oxime copper(n) 
complexes shows that the geometry of the ligand donor set is very square, as the oxygen 
and nitrogen donors bind to copper(11) with similar strength, resulting in coordination 
bonds that are of the same length. ° 






Figure 3.9: Generic pyrazolone oxime structure. 
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Although not as selective for copper(ll), the extractive strength of pyrazolone oximes is 
actually greater than P50 oximes and the addition of a modifier would be required in 
order to reduce the strength sufficiently for them to replace P50 oximes in existing 
solvent extraction circuits. 
31.6 Use of pyrazolones as tridentate ligands 
There is less information in the literature detailing the use of more complex pyrazolone 
derivatives as tridentate ligands, although the preparation of a number of copper(II) 
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Figure 3.10: Dinuclearcopper(lI) complex prepared via a template method. 
Neutral dinuclear copper(1I) complexes have been formed by tridentate ligands prepared 
from the Schiff base condensation of lphenyl3methyl-4-fOrmYl-pYraZoI5-one or 1-
phenyl3methyl4formyl-PYraZOl-5-thi0ne with amino alkanols or aminothiols. 47 The 
complex shown in Figure 3.10 was prepared via a template method, through reaction of 
CuLL' (where LH = and L'H = 
acetylacetonimine) with ethanolamine. 48  Although the complex is specific to this 
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reaction, its structure, bridging pattern and coordination are generic for all of the 
dinuclear pyrazolone copper(H) complexes made. 
In addition, ligands closely related to those studied in this project have been used to 
produce ternary 1:1 copper(H) to tridentate ligand complexes, which employ water as the 
fourth coordinate to complete the square planar set. This type of complex, shown in 




Cu 	 I 
HO '  0 
Figure 3.11: 1:1 Tridentate ligand to copper(ii) ternary complex. 
As part of the collaborative review of dinuclear copper complexes, undertaken by the 
University of Edinburgh and Cytec Metal Extractants, 5° the azo group of the tridentate 
ligand in the copper(II) complex shown in Figure 3.11, was replaced with an imine 
group. 
The potentially tridentate ligand, 1 -phenyl-3-methyl-4-(2' hydroxyphenylenamine)
pyra.zol-5-one (Figure 3.12), was prepared and screened for its ability to form neutral, 
square planar, 2:2 ligand to metal complexes with copper(II). A reaction with copper 
acetate in hot methanol, resulted in the complex shown in Figure 3.12, the structure of 
which was determined by X-ray crystallography. 50 Details of this and the crystal 
structure of the free ligand are included in Folder: Chapter 3-Crystal structures on the 
appendix CD. 
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Figure 3.12: Reaction of 1 -phenyl-3-methyl-4-(2'hydroxyphenyleflamifle)-
pyrazol-5-one with copper(ii) to form a dinuclear complex. 
The free ligand is crystallographically planar in the solid state, 50 stabilised by hydrogen 
bonds between the donor atoms. The angle between the O-N-O donor set is 85.71(13)°, 
which suggests little reorganisation of the ligand is required in order for it to form square 
planar complexes with copper(ll). 
NIh) 
Figure 3.13: Dinuclear copper(ii) complex formed by 1-phenyl-3-methyl-4- 
(2'hydroxyphenylenamine)-pyrazol-5-Ofle. 
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The crystal structure of the dinuclear copper(H) complex is shown in Figure 3.13 and a 
selection of bond angles and distances are shown in Table 3.1. The planarity of the free 
ligand is lost on complexation to copper(II), with the phenyl ring rotated approximately 
12° out of the plane of the pyrazolone ring. This is a consequence of the close proximity 
of the pyrazolone phenyl and phenolic rings in the complex. 
The coordination geometry around the copper(II) centres is highly distorted from the 
predicted square planar environment, with the 'squareness' of the complex being 
affected the most. As shown in Table 3. 1, the coordination angles around the copper(I1) 
centres deviate significantly from those usually observed for a square planar complex 
and from each other. In addition, the distance between the nitrogen donor and the 
pyrazolone oxygen donor (2.913(2) A) is much larger than the distance between the 
nitrogen donor and the phenol oxygen donor (2.576(2) A). 
Table 3.1: Selected inter-atomic distances and coordination angles for the dinuclear copper(ii) 
complex of 1 phenyl3methyt4-(2'hydroxyPhenYleflamifle)-PYraZOl-5-Ofle 
Selected inter-atomic distances (A) 	Coordination angles (°) 
0(13 1)-N(07) 	2.913(2) 	0(131) ... Cu(I) ... N(07) 	98.39(7) 
0(01 1)-N(07) 	2.576(2) N(07)"Cu(1)'0(0l 1) 	83.53(7) 
0(131) ... Cu(1)0(O1A) 	101.6(0.06) 
0(011)Cu(1)0(OIA) 	76.5(0.06) 
These effects can be attributed to compensation for the strain suffered by the bridging 
phenolic oxygen atom, which in order to complex copper(II) in a dinuclear complex, 
must allow its bonds to deviate significantly from sp2 geometry. 
Although this structure appears to suffer from strain as the bonds around the phenolic 
oxygen donor are forced to deviate from sp2 geometry in order to bridge the two 
copper(11) centres, an alternative (Figure 3.14), utilizing the pyrazolone oxygen atoms as 
bridges, is probably less favourable. The phenyl substituent on the pyrazolone will 
7 
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o 0 	N 
Figure 3.14: Alternative 2:2 ligand to metal complex of 1-phenyl-3-methyl-4- 
(2'tiydroxyphenylenamine)-pyrazOl-5-Ofle with copper(ii), using the pyrazolone oxygen as the 
bridge between the two copper centres. 
3.1.7 New tridentate pyrazolone ligands 
In this project it was decided to replace the phenyl group in the pyrazolone ring in 
ligands of the type shown in Figure 3.11 with hydrogen (Figure 3.15). 
R 
R = any alkyl 
R 
Figure 3.15: New tridentate pyrazol-5-one ligand. 
This should remove the strain associated with formation of the dinuclear complex shown 
in Figure 3.14 and could favour the formation of i over ii in Figure 3.16, which has a six 
membered ring containing the p2-oxy hydroxy bridging atom. This will provide a more 
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stable Cu-0-Cu unit. In addition, a favourable intramolecular contact between the 
pyrazolone N-H group and an adjacent phenolate oxygen atom is possible creating a 
pseudo-macrocyclic ligand system and 'pre-organisation' (iii, Figure 3.17), which would 
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Figure 3.16: Potential isomeric forms of 2:2 ligand to copper(u) complexes formed by 3-alkyl-4- 
(2'hydroxy5'-alkylphenyleflamifle)-PYraZOl-5-one. A pyrazolone oxygen atom forms the uroxo 
bridge in i and a phenolate 112-oxy bridge is present in ii. 
Similar pre-organisation has been reported for a related N(1) phenyl substituted 
tridentate pyrazolone ligand, which was shown by X-ray crystallography to form 
intermolecular hydrogen bonds through the phenolic OH and pyrazolone oxygen groups 
(iv, Figure 3.17).' 
The chemistry of N(l)-unsubstituted pyrazol-5-ones has been much less explored than 
their substituted counterparts, particularly their N( 1 )-phenyl and N( 1)-methyl 
derivatives. This is likely because, when the N(1) position is unsubstituted it becomes 
reactive, which makes the N( 1 )-unsubstituted pyrazolones harder to derivatise. 
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Figure 3.17: Possible pre-organisation of the new tridentate pyrazol-5-one ligand is shown in iii. 
Solid state intermolecular hydrogen bonding of 4-[(2-hydroxyphenylamino)phenylmethylene]-5- 
methyl-2-phenyl-2H-pyrazol-3(4H)-one is shown in iv. 
3.2 Free ligands 
3.2.1 3-Methyl-4-(2'-hydroxyphenylenamine)-pyrazOl-5-one (9a) and 3-Methyl-4-
(2'-hydroxy-5'-tert-amylphenylenamine)-pyrazol-5-Ofle (9c) 
Ligand 9a (Scheme 3.1) was prepared in two steps. 4-Formyl-3 -methyl-2-pyrazol-5 -one 
(7a) was obtained in a 47% yield via a Vilsmeier-Haack formylation of 3-methyl-2-
pyrazol-5-one (6a), which is commercially available. The yield was poor in comparison 
with analogous phenyl substituted compounds. 52 This may be due to the high solubility 
of 7a in water, which made it difficult to isolate. 
The Schiff base condensation reaction between 4-formyl-3-methyl-2-pyra.zol-5-one 7a 
with 2-aminophenol (8a) and 2-amino-4-tert-amylphenol (8c), which are commercially 
available, gave the desired ligands 9a and 9c in 75% and 77% yields respectively. 























R K 0 
9a (R = CH31  R' = H) R' 	
H 
9b (R = CH3, R' = propyl) 
9c (R = CH3)  R' = t y'l) 	 8a (R' = H) 	
7a (R = CH3 ) 
9d (R = propyl, R' = tamyl) Sb (R' = propyl) 	7b (R = 'propyl) 
Sc (R'=tamyl) 
Scheme 3.1: Preparation of tridentate pyrazol-5-one ligands 9a, 9b, 9c and 9d. 
3.2.2 3-Methyl-4-(2'-hydroxy-5'-iso-propylphenylenamine)-pyrazOl-5-Ofle (9b) 
9b (Scheme 3.1) was prepared similarly from 2-amino-4-iso-propylphenol Sb, obtained 
by azatisation of 4-iso-propylphenol, using aniline and sodium nitrite (Scheme 3.2). The 
reaction did not progress as described in the literature 53  and separation of the product 
from the aniline regenerated in the reaction proved extremely difficult. Consequently, 
8b was isolated in only a 3% yield. 
Chapter 3: Binary Pyrazolone Systems 
OH 	 OH 
6% NaOH 
Aniline/ conc HCIJ sodium nitrite 
H Pd02J{O 
Sb 
Scheme 3.2: Preparation of 2-amino-4-iso-propylphenol 8b (R = 'propyl). 
3.2.3 	 (9d) 
Ligand 9d required the preparation of 3 -iso-propyl-2-pyrazol- 5 -one 6b, from the 
condensation of hydrazine monohydrate with ethyl-iso-butyrylacetate in methanol. The 
pyrazol-5-one was isolated in quantitative yield and single crystals were obtained from 
the reaction that were suitable for X-ray analysis. 
Formylation of 6b (R = 'propyl) was less successful than that of 6a (R = CH3) and the 
product, 4-fonnyl-3-iso-propyl-2-pyrazol-5-one 7b (R = 'propyl), was only isolated in a 
38% yield. Substitution of the butrylacetate has been known to affect the yield of this 
reaction considerably, generally, larger substituents at C(3) result in smaller yields.' 
3.3 Ligand tautomerism 
As with the N(1) unsubstituted pyrazol-5-ones, extensive tautomerism is available to 
these ligands (Figure 3.18). N( 1) substitution in the ligand should greatly simplify the 
system, since tautomers 9E-9L would no longer be attainable. However, the complexity 
of the tautomerism creates a point of interest in the ligand chemistry and an 
interpretation of it would be beneficial to understanding their potential application as 
metal extractants because it affects the electron densities on potential donors and on the 
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Figure 3.18: Possible tautomenc forms of ligand 9. 
Any of the twelve possible neutral tautomers of ligand 9 could be present in the solid 
state, solution and gas phase in varying degrees. A combination of spectroscopic 
techniques was used to predict tautomer ratios and to identify the most prominent 
tautomeric form in each case. 
Although not consistent with the outcome of this study, it is convenient to present the 
tautomers in the form 9D because this suggests that on deprotonation, significant charge 
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will reside on the two oxygen atoms and that the free N-H group is available for 
intermolecular hydrogen bonding. 
3.4 Tautomers in the solid state 
3.4.1 X-ray crystallography of the ligands 
X-ray crystallography reveals that, despite packing differences in the unit cell, the 
tautomer 9A (Figure 3.18) predominates in the solid state of each of the ligands. This 
was deduced from the location of the hydrogen atoms on the pyra.zolone rings, which 
were located on difference maps and a comparison of bond lengths to distinguish 
between single or double bonds (Section 5.6). Related compounds shows similar 
results. 556  A more detailed discussion of the ligand bond lengths and the hydrogen 
bonding is contained in the following sections, whilst a summary of the structure 
determinations are included in Section 5.6. Crystal data is presented in Table 5.8 
(Chapter 5), whilst all structure files are provided in Folder: Chapter 3-Crystal structures 
on the appendix CD. 
3_MethyI4(2'hydroxyphenyIeflamifle)-PYraZOI50fle (9a) 
The structure of a simple molecule which defines the asymmetric unit is shown in Figure 
3.19. The bond length of N(2)-C(3), 1.3094(19) A, is significantly shorter than that of 
N(1)-C(5), 1.3541(19) A and comparison with an average bond length between nitrogen 
and an sp2 carbon, 1.28 A, suggests that it is double bond in character while the N(1)-
C(S) bond is nearer to single in character (Table 3 A similar relationship between 
the C(4)-C(6) and C(3)-C(4) bonds can also be seen. The C(4)-C(6) bond, at 1.371(2) 
A, is shorter than that of C(3)-C(4), at 1.426(2) A and compares more closely with an 
average sp2-sp2 carbon bond length, 1.32 A. 57  Most significant is the difference between 
C(5)-0(15) and C(9)-0(14) bonds. The C(5)-0(15) bond, at 1.2601(17) A is 
/ 
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considerably shorter than the C(9)-0(14) bond, at 1.585(18) A, suggesting a carbonyl 
functionality in the pyrazolone ring. 
Figure 3.19: Structure of ligand 9a in the solid state. 
Whilst a consideration of bond lengths can help identify the predominant tautomer, it is 
the position of the hydrogen atoms in the molecule which ultimately defines the 
observed isomer, since tautomerism is dictated by the movement of hydrogen atoms. 
The positions of the hydrogen atoms were located on the difference map and therefore 
the crystal structure can be assumed to explicitly represent the tautomeric preference for 
9A in the solid state. 
If the ligand is to be 'pre-organised' and not require any structural reorganisation prior 
to complexation, the ideal angle required between the bites would be 90 0• Although the 
ligand does not exist as a pseudo-macrocycle in the solid state as described in Figure 
3.17 (iii), the 86.96(12)° angle between the bites of the O(5) ... N(7) ... O(6) donor set, 
shows that it is almost perfectly orientated to form square planar complexes with 
copper(ll). 
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Table 3.2: Selected bond lengths and angles for 9a 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(2)-C(3) 1.3094(19) N(1)-H ... O(15) 	1.897 
C(4)-C(6) 1.371(2) O(14)-H ... N(2) 	1.737 
C(5)-0(15) 1.2601(17) 
N(1)-C(5) 1.3541(19) H-bond lengths (intra) (A) 
C(3)-C(4) 1.426(2) N(7)-H-0(15) 	2.167 
C(9)-0(14) 1.585(18) 
Angle between the bites 014 ... N7 ... O15 86.96(12)° 
There are four molecules of ligand 9a in the unit cell. They form a partial dimer stack 
with it-it overlap between the imine bonds and the pyra.zolone rings. The distance 
between the mean square plane of the rings in the molecules is 3.44 A. The molecules 
lie in a two dimensional array interconnected with intermolecular hydrogen bonding. 
Hydrogen bonds between 0(15) and N(1B)-H and reversely between N(1)-H and 
0(15B) create a dimer effect in the structure. Hydrogen bonding between N(2) and 
0(14)-H produces a helical effect in the structure, connecting molecules of different 
planes (Figure 3.20). There is also intramolecular hydrogen bonding between N(7)-H 
and 0(15). 
Figure 3.20: Helical hydrogen bonded chains of ligand 9a in the crystalline state. 
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3-Methyl-4-(2' -hyd roxy5'iso-propylphenyIenamine)-PyraZOI-5-Ofle (9b) 
The single molecule of 9b defining the asymmetric unit is shown in Figure 3.21. An 





Figure 3.21: Structure of 9b in the solid state (ethanol solvate molecule excluded for clarity). 
A selection of bond lengths is presented in Table 3.3. A similar relationship can be seen 
to that in ligand 9a (Figure 3.19). Again the bond length of N(2)-C(3), 1.313(5) A, is 
significantly shorter than that of N(1)-C(5), 1.362(5) A, and is nearer to the average 
bond length observed" between nitrogen and .sp 2 carbons, 1.28 A, than for a single C-N 
bond. 57  Similar conclusions can be obtained from a comparison of C(5)-0(15) / C(9) - 
0(14) and C(4)-C(6) / C(3)-C(4) bond lengths. 
As with 9a, whilst a consideration of bond lengths helped decipher the dominant 
tautomer in the solid sate, it was the position of the hydrogen atoms, located on the 
difference map, which defined the structure of 9A. 
7 
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Hydrogen-bonding extends across the crystalline structure in a similar array to that in 
ligand 9a. Intramolecular hydrogen bonding is present between N(7)-1-F"0(15) and 
intermolecular hydrogen bonding between N(1)-H"0(15) and 0(14)-H ... N(2). In 
addition there is also intermolecular hydrogen bonding between 0(15) in the ligand 
molecule and 0(1 E)-H in the ethanol molecule associated with the structure. 
ThI 	% 5eIttcd bond lenaths and anales for 9b 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(2)-C(3) 1.313(5) N(1)-H ... O(15) 	1.942 
C(4)-C(6) 1.370(6) 0(14)-H ... N(2) 	1.863 
C(5)-0(15) 1.259(5) 0(IE)-H ... 0(15) 	1.999 
N(1)-C(5) 1.362(5) H-bond lengths (intra) (A) 
C(3)-C(4) 1.436(6) N(7)-H"0(15) 	2.297 
C(9)-0(14) 1.370(5) 
Angle between the bites O(14) ... N(7) ... 0(15) 	87.91(4)' 
Figure 3.22: Stacking and ir-ir interactions in ligand 9b. 
The unit cell contains eight molecules, which stack head to tail as dimers, with 7t-1t 
interactions between phenyl and pyrazolone rings. The distance between the mean 
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square planes of the phenyl and pyrazolone rings is 3.36 A (Figure 3.22). The angle 
between the two bites of O(15) ... N(7)"O(14) is 87.91(4) 0, which is similar to that seen 
in ligand 9a and again indicates that the ligand will require little structural reorganisation 
prior to complexation of copper(II) in a square planar environment. 
(9c) 
The crystal structure of 9c, unlike 9a and 9b, contains two similar, but independent 
molecules in apseudo-centrosymmetric dimer (Figure 3.23), consequently the hydrogen 
bonding in the system is more intricate than previously observed. 
A selection of bond lengths used to help distinguish the predominant tautomeric form, 
are shown in Table 3.4. As with 9a and 9b the dominant tautomenc form is 9A, which 
can also be defined by the position of the hydrogen atoms located on the difference map. 
Figure 3.23: Structure of ligand 9c in the solid state, showing the formation of pseudo- 
centrosymmetric dimer involving intermolecular N(1)-H0(15) H-bonding. 
Intermolecular hydrogen bonding occurs between N( I )-H 0( 15) and between 0(1 4B)-
H ... N(2B). There is also intermolecular hydrogen bonding between N(1)-H"0(15B) 
and N(1B)-H ... 0(15). Intramolecular hydrogen bonds are present between N(7)-
H"0(14) and N(7)-H--O(1 5) and between N(7B)-H"0(1 5B) (Figure 3.24). 
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Table 3.4: Selected bond lengths and angles for 9c 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(2)-C(3) 1.309(4) N(1)-H ... O(15B) 	1.940 
C(4)-C(6) 1.367(4) O(14)-H ... N(2) 	1.714 
C(5)-0(15) 1.260(4) N(IB)-H ... O(15) 	1.872 
N(1)-C(5) 1.339(4) O(14B)-H ... N(2B) 	1.778 
C(3)-C(4) 1.424(5) 
C(9)-0(14) 1.362(4) H-bond lengths (intra) (A) 
N(2B)-C(3B) 	1.328(4) 	 N(7)-H"0(14) 	2. 108 
C(4B)-C(6B) 	1.377(4) 	 N(7)-H ... O(15) 	2.178 




Angle between the bites 0(14)N(7)"'0(15) 83.97(4)° B 80.19(4)° 
1 
Figure 3.24: Hydrogen bonding of ligand 9c. 
Chapter 3: Binary Pvrazolone Systems 
There are four of each independent molecule in the unit cell, which stack head to tail as 
dimers, with it-it interactions between the pyrazolone and phenyl rings. The distance 
between the mean square planes of the phenyl and pyrazolone rings is 3.47 A. 
The angles between the bites for the two molecules are 8397(4)° and 80.19(4)' for B, 
both of which are smaller than those observed in 9a and 9b. The 4° difference between 
the two may be a result of packing differences, which is reflected in the hydrogen 
bonding and suggests a degree of flexibility in the molecules. 
(9d) 
The crystal structure of ligand 9d (Figure 3.25) reveals there is a degree of disorder 
attached to the 'amyl group in the crystalline state, shown by the two possible positions 
of carbon C(24). 
I 
24) 
Figure 3.25: Structure of ligand 9d. 
Relevant bond lengths used to determine the tautomenc form are presented in Table 3.5. 
They reveal, as seen in ligands 9a-9c, that the predominant tautomeric form in the solid 
Chapter 3: Binary Pyrazolone Systems 
state is 9A, which is also defined by the positions of the hydrogen atoms located on the 
difference map. 
Table 3.5: Selected bond lengths and angles for 9d 
Selected bond lengths (A) H-bond lengths (inter) (A) 
N(2)-C(3) 1.315(3) N(1)-H"0(15) 	1.895 
C(4)-C(6) 1.376(3) O(14)-H ... N(2) 	1.832 
C(5)-0(15) 1.262(3) 
N(1)-C(5) 1.346(3) H-bond lengths (intra) (A) 
C(3)-C(4) 1.430(3) N(7)-1-F"0(15) 	1.987 
C(9)-0(14) 1.362(2) 
Angle between the bites O(14) ... N(7)O(15) 	82.52(19)0  
- 	N 
ftft 
Figure 3.26: Intramolecular hydrogen bonding of 9d creating a dimer effect in the structure. 
The four molecules in the unit cell stack head to tail as dimers, with it—ic interactions 
between the pyrazolone and phenyl rings, which lie 3.35 A apart. Hydrogen bonding in 
1 
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the molecule and packing, are similar to that in ligands 9a and 9b with intermolecular 
hydrogen bonds between N(1)-H ... O(15) and O(14)-H ... N(2). The intermolecular 
hydrogen bonds between N( 1 )-H "O( 15) create a dimer effect in the structure (Figure 
3.26). There is also intramolecular hydrogen bonding between N(7)-H"0(15). 
3.4.2 Solid state IR spectra of the ligands 
The solid state IR spectra of ligands 9a-9d correspond to the tautomer 9A deduced by X-
ray crystallography; key stretching frequencies are shown in Table 3.6. The carbonyl 
stretches associated with the ketone tautomer, can be clearly identified in the spectra. 
The frequencies are lower than those for a 'normal' ketone carbonyl group at -i7O0 cm -
', due to conjugation with the alkenic bond attached to the pyrazolone ring and 
hydrogen-bonding to N(7)-H. 58  The tautomer 9A also contains N-H and 0-H groups, 
which can be easily detected in the IR spectra. 
In the absence of X-ray crystallography, IR spectroscopy is able to limit the possible 
tautomeric forms predominant in the solid state to two of the twelve, 9A and 9C, both of 
which contain OH groups, NT-I groups and conjugated carbonyl functionality. 
Table 3.6: Stretching frequencies in solid state IR spectra of ligands 9a-9d 
Ligand C=O stretch 	I N-H stretch 0-H stretch 
(cm') (cm') (cm) 
9a 1670 3101-2780 3420 
9b 1663 2667-3215 3409 
9c 1667 3200 3425 
9d 1663 2872-3136 3409 
Chapter 3: Binary Pvrazolone Systems 
3.5 Tautomers in the gas phase 
Ab inhtio calculations to determine the most dominant tautomer in the gas phase are 
ongoing. Details of the methods in use can be found in Section 5.7.2. To simplify the 
calculations, substituents R and R' in Figure 3.18 have been fixed as methyl groups, as 
this is not expected to affect the conformation of the whole ligand, or the outcome of the 
tautomeric study. 
Initial results suggest that the lowest energy tautomer is 9A (Figure 3.18), which 
corresponds to that observed in the solid state. As in the solid state, the preference for 
tautomer 9A, may be related to intramolecular hydrogen bonding. 
3.6 Tautomers in solution 
Due to the low solubility of the ligands in relatively non-polar solvents, which is 
discussed in Section 3.7- 1, NMR spectra were obtained in deuterated methanol. Since 
the methanolic protons exchange readily with key tautomeric protons in the ligands, 
determining the prominent tautomer in solution was more difficult. However, the 
majority of tautomers could be eliminated through consideration of the observed peaks 
in the NMR and their hyperfine coupling. The NMR spectra for ligands 9a-9c contain 
peaks that correspond to imine hydrogens and the methyl group attached to the 
pyrazolone ring (Table 3.7). 
Table IT Key NMR shifts for ligands 9a-9c 
Ligand Imine hydrogen (CH=N) Pyrazolone methyl group 
ö (ppm) ô (ppm) 
9a 8.36 2.11 
9b 8.44 2.17 
9c 8.46 2.15 
134 
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The presence of an imine hydrogen in solution enables tautomers 9A, 9F, 9H, and 9L 
(Figure 3.18) to be eliminated, since they contain alkenic or aliphatic hydrogens, which 
would appear at a much lower chemical shifts. 
In addition, the methyl and imine hydrogen peaks in the NMR spectra of ligands 9a-9c, 
are both singlets, therefore tautomers 9B, 9E, 9G. 91 and 9K can be further eliminated 
since they all possess groups that would give rise to hyperfine coupling. 
Of the three tautomers that remain, 9C, 9D and 9J, tautomer 9C could be distinguished 
by the presence of a carbonyl stretch in an JR spectrum. However, this could not be 
obtained due to the absorption of methanol. Tautomers 9D and 9J could not be 
distinguished by any means unless the ligands were N( 1) substituted and therefore of 
fixed position. 
The NtvIR spectrum of ligand 9d also shows similar features, though the aliphatic region 
is more complex due to the 'propyl substitution in the pyrazolone ring. However, as 
with ligands 9a-9c, evidence of secondary coupling in association with tautomers 9B, 
9E, 9G. 91 and 9K is not observed, again suggesting tautomers 9C, 9D and 9J are more 
prominent in solution. 
The difference between the tautomer observed in the solid and gas phases (9A), 
compared to the three possible tautomers observed in solution (9C, 9D and 9J), can be 
attributed to the increased ability of tautomers 9C, 9D and 9J to hydrogen bond. Each 
of the three tautomers are able to project hydrogen atoms into the local solvent 
environment, whilst preserving their hydrogen bond acceptors. This should greatly 
enhance their solubility. However, tautomer 9A traps one of its hydrogen donors inside 
the coordination square, hindering its potential to form hydrogen bonds with the local 
solvent environment, which may cause it to be disfavoured in solution. 
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3.7 Solubility 
3.7.1 Ligands 
The solubility of the four solid ligands 9a-9d (Figure 3.1) in organic solvents, increases 
with the amount of alkyl bulk attached to the molecule. However, whilst the ligands are 
readily soluble in methanol, solubility in chloroform, even for 9d, is negligible. This 
can be attributed a of lack hydrogen bond donors that project out from the periphery of 
the tautomer 9A into the local solvent environment, which is discussed in Section 3.6, 
the planarity of the molecules and the intricate hydrogen bonding arrays observed in the 
crystalline state. 
Since both intermolecular and intramolecular hydrogen bonding is observed in the solid 
state, only highly polar solvents such as methanol, DMF or DMSO, capable of forming 
stronger hydrogen bonds with the ligands, will be able to break down the inter-ligand 
interactions and solubilise the molecules, via their own hydrogen bonding network. 
Solubility of metal extractants is a key issue, since commercial solvent extraction plants 
require high concentration in hydrocarbons such as kerosene. Even laboratory scale 
testing requires ligand concentrations no less than 0.01 M in chloroform, in order to 
obtain reliable results. 
Increasing the bulk of the alkyl sub stituents on this series of ligands to allow sufficient 
solubility levels in chloroform for small scale laboratory testing could be difficult. Bulk 
of the 3-substituent R (Scheme 3.1) in the ring could affect ring-closure of the 
pyrazolone and also greatly reduce yields in the formylation step. Also, preparation of 
bulky 2-aminophenols with bulky 4-alkyl substituents may not be trivial in view of the 
experimental problems observed during the synthesis of 4-iso-propyl-2-aminophef101 8b 
described in Section 3.2.2. 
Chapter 3: Binary Pyrawlone Systems 
3.7.2 Copper(ll) complexes 
Formation of a copper(I1) complex of the most soluble ligand 9d was achieved by 
reaction in methanol with copper acetate. Spectroscopic data obtained for the dark green 
precipitate isolated from the reaction mixture, agreed with the proposed 2:2 ligand to 
metal complex [Cu2(9d-2H)2] (Figure 3.16), as in: 
2(9d) + 2CU(CH302)2 -* [Cu2(9d-2H)2] + 4CH 3CO2H 
The maximum concentrations of this complex in organic solvents such as chloroform 
and butanol could be estimated by contacting a known volume of chloroform with a 
known mass of the complex, removing the saturated solution and weighing the residue. 
It was found that the copper complex of ligand 9d was considerably more soluble (0.08 
mol dm 3) in chloroform than the ligand itself, which was only negligibly soluble. This 
was surprising, since the complexes are expected to be large planar molecules with 
lower solubility than the ligands. However, such effects have been observed in other 
ligand systems and may be due to the cumulative effect created by the alkyl groups in 
the ligand59  or a reduction in the available hydrogen bonding in the system upon 
complexation. 
Formation of the complex [Cu2(9d-2H)2], removes four hydrogen bond donors from the 
periphery of the ligand molecule, greatly reducing the opportunity for intermolecular 
hydrogen bonding. In the absence of an intricate hydrogen bonding network, non-polar 
solvents will be able to infiltrate the complex molecules in solution more easily. 
This effect may also indicate which of the complex isomers (I or ii, Figure 3.16) is 
formed during complexation. Whilst hydrogen atoms attached to the pyrazolone ring in 
isomer ii project out from the complex, in I they are involved in intermolecular hydrogen 
bonding with the second ligand. Thus the surprisingly high solubility of the complex 
'1 
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[Cu2(9d-2H)2}, may be due to the formation of isomer i, in which the hydrogen bonding 
capabilities of the available pyrazolone hydrogen atom are shielded from the other 
complex molecules. This could reduce the amount of intermolecular hydrogen bonding 
that occurs between the complex molecules and increase the solubility. 
3.8 Extraction of copper with 9d 
3.8.1 Three phase extraction of copper(Ii) 
In usual circumstances, metal extraction experiments involve the capture of solubilised 
metal ions from the aqueous phase, by solubilised ligand molecules in the organic phase 
at the interface of a two phase system, as described in Chapter 2. Due to the negligible 
solubility of ligand 9d in chloroform, two phase transfer cannot be employed in this 
case. 
However a three phase system of solid ligand, organic and aqueous phases can be used 
to produce ligand loading if the greater solubility of the complex is exploited. By 
adding solid ligand to the extractions in molar quantities and allowing the systems to stir 
to equilibrium, a two phase system of stripped aqueous and loaded organic phase can be 
produced (Figure 3.27). 
CuSO4 ( 
Chloroform , 
Solid ligand -.__._ 
i___ Copper stripped 
S 	 aqueous phase Omn 
- Solubilised copper 
loaded ligand 
Figure 3.27: Proposed three phase extraction. 
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Preliminary tests revealed that concentration levels of 0.05 mol dm -' in chloroform, used 
as standard for the hydrazone ligands in Chapter 2, could not be used for pyrazolone 
ligand 9d (Figure 3. 1), since at higher pH the complex was no longer soluble. However, 
lower concentrations of 0.01 mol dm 
-3 yielded full complex solubility over the whole pH 
range used. 
3.8.2 ICP-OES and EPR analysis of the organic phase 
Fifteen three phase extraction experiments producing fifteen 'points' on an S-curve were 
prepared for 9d (Figure 3.1). The make-up of the 'points' used is given in Table 5.2 
(Chapter 5, Section 5.3.4). The ligand was added to the extractions as a solid, whilst 
measured volumes of chloroform were added separately. Sufficient volumes of the 
aqueous feed were also added such that one mole of copper(II) was available for every 
mole of 9d. The pH of the extraction 'points' was varied through the addition of 
aqueous sodium hydroxide and sulfuric acid, which was intended to deprotonate or re-
protonate a certain percentage of the ligand. Further details are shown in Section 5.3.4. 
The 'points' were stirred for sixteen hours, during which time, solid 9d was seen to 
dissolve into the organic phase as it extracted copper(I1) and produced soluble 
complexes. This resulted in the formation of dark green solutions as illustrated in Figure 
3.27. The extent of solubilisation of 9d and therefore extraction of copper(II) was 
dependent on the pH of the sample, with more acidic 'points' showing little uptake of 
solid 9d or formation of colour in the organic phase, indicating negligible copper 
transfer from the aqueous phase. However, in more basic 'points' all solid 9d was 
consumed and the organic phase became dark green in colour indicating quantitative 
copper(II) transfer from the aqueous phase. 
The S-curve (Figure 3.28) was produced by plotting the equilibrium pH against the 
concentration of copper(II) in the organic phase, which was measured by ICP-OES. 
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Organic and aqueous samples analysed by EPR, were taken directly from the 
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Figure 3.28: Variation in copper(ii) extraction by ligand 9d with pH. Since one mole of 9d is 
available for every mole of copper(ii), 100% loading indicates the formation of a complex with an 
empirical 1:1 9d to copper(ii) ratio. 
The pH for ligand 9d, 1.8, is considerably lower than the pHv, values observed for the 
binary hydrazone ligands, which fall in the range 2.5-3.2 (Chapter 2), suggesting that the 
copper(fl) complexes formed by ligand 9d are more stable than those formed by the 
hydrazone ligand series. This may be related to the structures of the ligands in the solid 
state. Whilst it was shown that the hydrazones 3a and 31b (Figure 2.1), would require 
significant reorganisation prior to complexation (Section 2.3.3), the donor sets of 
pyrazolones 9a-9d were shown to organise at a 
900  angle ready to form square planar 
complexes with copper(ll). 
The 100% loading is consistent with formation of a 1:1 complex: 
fl9d(org) + nCu2 •- [Cu n(9d-2H)n](ocg) + 2nH 
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Formation of the dinuclear complex [Cu 2(9d-2H)2], is most likely based on the 
characterisation of the solid complex formed from copper(II) acetate (Section 3.7.2). 
Whilst the loading curve is not as steep as is seen in simple 'pH-swing' extraction 
processes, it does not provide any evidence for the formation of species with 
intermediate stoichiometry, such as the 2:1 ligand to copper(H) species shown by one of 
the hydrazone ligands (Chapter 2). 
The possibility of formation of a 1:1:1 assembly with a neutral monodentate ligand, as in 
Figure 3.29, is also consistent with the loading data: 
	





Figure 3.29: Possible structure of 1:1:1 complex of copper(ii), 9d and a neutral 
ligand L (e.g. H20). 
EPR studies were undertaken to provide evidence of the stoichiometry and structures of 
the species formed in the chloroform phase. The EPR spectra of a selection of 
extraction 'points' are shown in Figure 3.30. The key indicates the percentage of 
copper(H) extracted into the organic phase, as determined by ICP-OES, for each 
particular 'point'. 
Although the signal is of low intensity in comparison to those observed in Chapter 2, the 
spectra still clearly show three of the four peaks expected for a paramagnetic copper(II) 
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centre. The intensity of the observed signal increases and subsequently decreases with 
the percentage copper(H) extracted, indicating the formation of a mononuclear copper(H) 
complex. However unlike hydrazone ligands 3c and 3e discussed in Chapter 2, 9d 
(Figure 3.1) is unable to form conventional 2:1 ligand to copper(H) complexes, [Cu(3x-
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Figure 3.30: EPR spectra of the organic phase of a selection of extractions for ligand 9d from 0 - 
100% copper(ii) loading. The key indicates the percentage of copper(ii) extracted into the 
organic phase, as measured by ICP-OES. 
At high magnetic field, the copper(H) signal is split into a further five peaks, which is 
indicative of coupling to two nitrogen donor atoms. Modelling of the EPR spectra 
reveals that the two nitrogen atoms interacting with the copper(H) centre are different, 
since two values of the hyperfine coupling constant AN (Table 3.8) are obtained. 
Table 3.8: EPR parameters for 9d 
I 	Ligand system 	I g A 	(G) I 	AN (G) 
9d 2.1658 88.0 21.6and 10.8 
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This can be interpreted through the possible formation of 2:1 ligand to copper(H) 
complexes in which one molecule of 9d is deprotonated at both oxygen donor sites and 
coordinates to the copper(H) centre as a tridentate ligand, whilst a second molecule binds 
through one of the pyra.zolone nitrogen atoms in its neutral form as a monodentate 
ligand (Figure 3.31). Formation of this complex is promoted by possible intermolecular 
hydrogen bonds between the ligands, which would stabilise the structure. The coupling 
constants, AN, indicate the degree of interaction of the nitrogen donors with the 
copper(II) centre. Therefore the difference between the two values suggests that one is 
more tightly bound to the copper(H) centre than the other. It is assumed that the 
pyrazolone ligand occupying three of the four coordination sites will greater influence 
the coordination geometry of the complex, therefore the higher coupling constant, 21.6 
G, can be attributed to the nitrogen donor of the tridentate ligand. The neutral 
monodentate ligand may be more weakly coordinated and therefore interact less with the 
copper(H) centre, giving rise to a lower coupling constant, 10.8 G. 
H 
Yo cu 
Figure 3.31: Possible 2:1 ligand to copper(ii) complex formed by 9d. 
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The low intensity of the EPR signal in comparison to the concentration of copper(II) 
used suggests that the 2:1 species [Cu(9d-2H)9d], is only present in the extraction 
samples at a residual level. Instead it is the absence of an EPR signal which is observed. 
This coupled with loading levels which can only be attributed to the formation of 
complexes with an empirical 1:1 9d to copper(II) ratio, indicates the formation of 
diamagnetic dinuclear complexes [Cu 2(9d-2H)2] (i, Figure 3.16). As previously 
described in Section 3.1.7, the alternative isomer ii (Figure 3.16) is likely to be 
disfavoured due to the absence of potential intermolecular hydrogen bonding and the 
occurrence of bond angle strain around the bridging phenolate oxygen atom which 
would be forced to deviate significantly from sp2 geometry. 
3.9 Tracking movement of copper(u) in the solvent extraction 
system by EPR 
As described in Section 2.6, the [Cu(H20)6] 2  ion can also be detected by EPR in the 
aqueous phase. EPR analysis of a selection of aqueous phases from the extraction 
'points' of ligand 9d are shown in Figure 3.32. The key indicates the amount of 
copper(H) extracted by the organic phase, as measured by ICP-OES and therefore the 
amount of copper(II) that is removed from the aqueous phase. The spectrum labelled 
1000/6 Cu(1I) is that of a sample made from stock solutions (Section 5.3.4) which 
contains all the available copper(II) in the system, at the same concentration as the 
extraction feeds. 
The EPR spectra show a decrease in the copper(II) signal intensity with increasing pH. 
Thus as ligand 9d extracts copper(1I) into the organic phase, the loss of copper from the 
aqueous phase is noted. As discussed in Section 2.5.2, the peak heights were shown to 
be directly proportional to the intensity of the EPR signal and therefore the concentration 
of copper(II) in solution. By assuming the peak height of the sample, 100% Cu(II), 
represents the capacity of the aqueous feed, the percentage of copper(II) remaining in 
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each aqueous solution can be calculated and the data plotted against the pH of the 
samples to produce a 'reverse S-curve', which records the loss of copper(fl) from the 
aqueous phase with increasing pH. 
27 
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Figure 3.33: Tracking movement of copper(II) from the aqueous phase 
into the organic phase. 
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Overlaying the original loading curve with this data enables the movement of copper(H) 
between the organic and aqueous phases to be tracked (Figure 3.33). The curves cross 
when 50% of the copper is extracted into the organic phase and 50% remains in the 
aqueous phase, indicating the accuracy of EPR to record the mass balance in the system. 
3.10 Predicting complex conformation 
It was not possible to obtain crystals of the complex [Cu2(9d-2H)2] to define whether the 
phenolate or the pyrazolato bridge isomer (Figure 3.16) had been formed. Ab initio 
calculations to predict the relative stability of these isomers were undertaken by Dr 
Sarah Hinchley on a form of the ligand containing only H-substituents (9e, Figure 3.35), 
to greater simplify the complexity of the calculations. The periphery of the molecule is 
not expected to affect the central coordination sites in the host system and therefore 
should provide a realistic model of the coordination preference in the real system. 





Figure 3.34: Simplified molecule of 9a-9d (9e) 
The energies of the systems are given in Table 3.9. The coordination sites of ia and ha 
(Figure 3.35) are very similar, which may contribute to the similar energies observed 
from the DFT calculations, however ha is predicted to be more stable than Ia by 11 kJ 
46 
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mot'. This is an unexpected result, as intermolecular hydrogen bonding is expected to 
stabilise the isomer ia and close O"H contacts, 2.103 A, imply that hydrogen bonding 
should occur in the real system. 
Table 3.9: Energies of complexes Ia and ha optimised using 
B3LYP/631G*, with energy 
differences between the complexes 
Complex B3LYP/631G* Energy Difference 
(Hartrees) (kJ moI') 
ia -4680.6522 +11.0 
iia -4680.6564 0.0 
Ia 	 ha 
Figure 3.35: Idealised systems ia and iia used in calculations. 
The predicted coordination geometries of the copper(II) centres in the two isomers are 
also similar; Table 3.10 lists the bond lengths and angles of the two types of 
coordination sphere. Isomer ia is predicted to have square planar geometry around the 
two copper(II) centres, whilst ha is expected to distort somewhat from the square plane 
due to attempts by the structure to alleviate bond angle strain around the bridging 
4 
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phenolate oxygen atom, which is forced to deviate significantly from sp2 geometry. 
However the calculations show that both types of coordination sphere may deviate 
significantly from ideal square planar geometry in the real systems. 
The 'squareness' of the two types of copper(n) centre are similarly affected. The bond 
angles around the copper(II) centres in Ia are 100.4 (0(1)-Cu(2)-0(4)), 73.2 (0(4)-
Cu(2)-0(3), 97.0 (0(3)-Cu(2)-N(5) and 89.4° (N(5)-Cu(2)-0(1), whilst the bond angles 
around the copper(11) centres in ha are 73.8 (0(1)-Cu(2)-0(4)), 101.8 (0(4)-Cu(2)-
0(3)), 101.2 (0(3)-Cu(2)-N(5)) and 83.2° (N(5)-Cu(2)-0(1)). They show a similar 
pattern, however it is their orientation around the copper(H) centres which is important. 
In ía the angles 100.4° and 97.0° lie opposite one another, whilst in iia the angles 101.8° 
and 101.2° are adjacent, this results in a larger deviation from the square in ha than in la. 
Table 3.10: Predicted bond lengths and angles of the coordination spheres in ia and iia 
ía ha 
Bond lengths (A) 
Cu(2)-0( 1) 1.858 Cu(2)-0( 1) 1.936 
Cu(2)-0(3) 1.932 Cu(2)-0(3) 1.885 
Cu(2)-0(4) 1.951 Cu(2)-0(4) 1.937 
Cu(2)-N(5) 1.911 Cu(2)-N(5) 1.926 
Bond angles (°) 
0(1 )-Cu(2)-0(4) 100.4 0(1 )-Cu(2)-0(4) 73.8 
0(4)-Cu(2)-0(3) 73.2 0(4)-Cu(2)-0(3) 101.8 
0(3)-Cu(2)-N(5) 97.0 0(3)-Cu(2)-N(5) 101.2 
N(5)-Cu(2)-0(1) 89.4 N(5)-Cu(2)-0( 1) 83.2 
Cu(2)-0(3)-Cu(9) 106.8 Cu(2)-0(4)-Cu(7) 106.2 
Cu(2)-0(4)-Cu(9) 106.8 Cu(2)-0( 1 )-Cu(7) 106.2 
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The bond lengths also affect the 'squareness' of the geometries, however these do not 
deviate significantly from each other in either isomer (Figure 3.11), and thus their 
influence is less significant than the affects of the bond angles. 
One theory as to the slight preference towards iia over Ia is the effect of the N-N bond 
adjacent to the copper(H) binding sites. Mulliken charge distributions show that the 
electron density at the oxygen atoms adjacent to the pyrazolone rings (iia, -0.66, 0(3) 
and 0(9), (Figure 3.35) are reduced by the presence of the two N atoms, making them 
less basic and therefore less attractive towards copper. However the phenolate oxygen 
atoms are more basic (iia, -0.76, 0(1) and 0(4), (Figure 3.35) and therefore more 
attractive. Thus in Ia the bonding pattern is less favourable than in ha and whilst the 14- 
bonding helps to stabilise the structure, it is not enough to overcome the electronic 
effects of the N atoms. 
Despite this, it seems unlikely that isomer ha could be favoured (Figure 3.35) since its 
copper(u) coordination geometries are more distorted than those in ha. In addition, the 
relatively high solubility of the copper(H) complex of 9d (Figure 3.1) in comparison to 
the ligand itself suggests that there are few peripheral hydrogen atoms available for 
intermolecular hydrogen bonding in the complex (Section 3.7.2). In Ia, intermolecular 
hydrogen bonding between the ligands in the complex shields the available hydrogen 
atoms somewhat from other complex molecules, which reduces the possibility of an 
intermolecularly hydrogen bonded array. However in ha the peripheral hydrogen atoms 
are freely available to form intermolecular hydrogen bonds. This is expected to 
significantly decrease the solubility of the complexes since solvents are unlikely to be 
able to penetrate the hydrogen bonds formed between the complex molecules. 
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3.11 Conclusions and future work 
The work presented in this chapter evolved from the isolation of a dinuclear copper(II) 
complex prepared from an N(1)-Ph substituted pyrazolone derivative (Figure 3.12). The 
solid state structure of this complex (Figure 3.13) revealed bridging of the two copper(II) 
centres via the phenolate oxygen atom. Bridging via the pyrazolato oxygen atom had 
been proposed, but this isomer is expected to suffer unfavourable inter-ligand 
interactions due to the close proximity of the phenyl substituent on the pyrazolone ring 
and the phenolate oxygen atom of the second ligand (Figure 3.14). 
The objective was to replace the phenyl substituent with hydrogen, thus reducing the 
possibility of unfavourable inter-ligand interactions in the pyrazolato bridged dinuclear 
complex. In addition the N(1)-H substituted pyrazolones 9a-9d (Figure 3.1) are able to 
form intermolecular hydrogen bonds between the ligands in the pyra.zolato bridged 
dinuclear complex, which results in a pseudo-macrocycliC structure (I, Figure 3.16). 
This provides increased stability to the complex, which favours its formation. 
Crystal structures of a series of N( 1)-H substituted pyra.zolones 9a-9d (Figure 3.1) 
indicated that little reorganisation of the ligands would be required prior to complexation 
and revealed a preference for the tautomer 9A (Figure 3.18) in the solid state, which was 
also suggested by preliminary DFT calculations to be favoured in the gas phase. 
However NMR and IR suggested that tautomers 9C, 9D and 9J (Figure 3.18) were 
favoured in methanolic solutions. 
The ligands 9c-9d showed poor solubility in relatively non-polar solvents, however the 
solubility of the copper(II) complex of 9d was shown to be significantly increased and 
allowed loading data for 9d to be obtained via an unconventional 'three phase' method 
as described in Section 3.8.1. 
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The loading was consistent with the formation of complexes with a 1:1 9d to copper(II) 
ratio, which were shown by EPR to be diamagnetic dinuclear complexes (Figure 3.16), 
rather than paramagnetic mononuclear complexes employing an auxiliary ligand such as 
water in the coordination set (Figure 3.29). However the formation of a small amount of 
the mononuclear 2:1 9d to copper(n) complex [Cu(9d-2H)9d] (Figure 3.31) was shown 
to be favoured at lower pH. 
Although not in the range achieved by P50 oximes, the pHi j was lower than those 
obtained for binary hydrazone systems (3c-3f, Figure 2.1) discussed in Chapter 2, 
indicating an enhanced stability of the copper(I1) complexes formed by 9d. This could 
be due to the formation of the proposed pseudo-macrocyclic structure i (Figure 3.16), 
which is promoted by the formation of intermolecular hydrogen bonds between the 
ligands in the complex. This is supported by the significant increase in solubility of the 
copper(11) complex of 9d compared to the free ligand, which suggests a decrease in 
intermolecular hydrogen bonding between complex molecules. The pseudo-macrocyclic 
structure of i shields peripheral hydrogen atoms from other complex molecules, limiting 
inter-complex interactions and allowing increased complex-solvent interactions. 
However DFT calculations support the formation of the isomer iia, despite evidence that 
the coordination geometries of the copper(II) centres in this isomer are likely to be more 
distorted than those in Ia. Ideally solid structure data is needed to clarify the isomer 
formed. 
Whilst mass-transfer of copper is increased from P50 oximes, in reality 9d is not suitable 
for commercial use due to its insolubility. However, increasing the solubility, through 
the addition of longer alkyl chains would reduce the mass-transfer of copper(II). In 
addition the preparation of such ligands may be difficult due to the limits of the synthetic 
methods used. Ring closure during the synthesis of pyrazolones will be greatly affected 
by the size of the substituent in the 3-position, whilst para-alkylation of 2-aminophenol 
via the method used by Stevens and Beutel et a!53  has already shown to be difficult. 
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4.1 Introduction 
This chapter is concerned with the effects of introducing auxiliary ligands 4 and 6b 
(Figure 4.1) into the binary hydrazone or pyrazolone solvent extraction systems, 
discussed in Chapters 2 and 3 (Figure 2.1 and Figure 3. 1), known to function through the 





4 	 6b 
Figure 4.1: Auxiliary ligands studied in this chapter: 2-ethylhexanal oxime 4 and 3-,so-propyl-2- 
pyrazol-5-one 6b. 
The chemistry of ternary complexes, which contain a copper(II) ion and two other 
ligands, has been comprehensively studied for combinations of a hydrazone ligand 
similar to those described in Chapter 2 and an auxiliary ligand.'' 3 In contrast, the 
formation of analogous ternary copper(I1) complexes with tridentate pyrazolone ligands 
has not been recorded, although simple pyrazoles have been employed as auxiliary 
ligands themselves. 
4.1.1 Preparation of ternary mononuclear hydrazone copper(ii) complexes 
Ternary copper(II) complexes of tridentate hydrazone ligands can be prepared via one of 
two methods; directly from the ligands using an appropriate metal salt or from the 
breakdown of a dinuclear complex though the addition of a coordinating Lewis base. 
157 
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Direct preparation from the ligands 
The preparation of ternary copper(II) complexes directly from the ligands is most often 
achieved in methanol or ethanol, through the use of copper chloride or the addition of a 
chloride ion source to the metal salt.5' 
14-16 Less commonly, copper bromide or nitrate 
salts can be used in a similar manner. 
15, 16 It is interesting to note that the use of 
anhydrous solvents or the dehydration of these complexes can afford the five coordinate 
dinuclear copper(H) complexes [Cu 2(L-H)2Cl2]. 16 
These reactions yield complexes of the general structure A (Figure 4.2). The hydrazone 
ligand is deprotonated at the phenolate oxygen donor site and carries a single negative 
charge, whilst the amide unit is not deprotonated and binds to copper in the keto form. 




Figure 4.2: Mononuclear ternary aquo copper(u) complexes formed from chloride, 
bromide or nitrate salts. 
Further reaction of these complexes with Lewis bases can occur, resulting in the 
substitution of the coordinating water molecule with the desired ligand. This has been 
achieved through the addition of imidazole 9 and pyrazole (Figure 
4•3)•8  Such assemblies 
are formally quarternary, having these different ligands coordinated to the copper(H) ion. 
Chapter 4: Ternaiy Systems 
H 
N'NH 	 N' ) 
Imidazole 	 Pyrazole 
Figure 4.3: Structures of imidazole and pyrazole. 
Breakdown of dinuclear complexes 
The addition of Lewis bases, such as specific auxiliary ligands or coordinating solvents, 
to dinuclear hydrazone copper(11) complexes of general structure [Cu2(L-2H)2], leads to 
a disruption of the coordination set. The bridging Cu-0-Cu bond is broken and the 
complex is split in half, as the Lewis base preferentially binds to the copper centres, 
producing mononuclear complexes of the generic structure B (Figure 4.4). 
CU 
B Y=Lewisbase 
Figure 4.4: Mononuclear ternary copper(II) complexes produced via the 
dissociation of dinuclear complexes. 
Electron-withdrawing substituents in the phenol ring of the hydrazone ligands cause a 
decrease in the negative charge on the phenolate oxygen, which weakens the Cu-0-Cu 
bridge and makes the complexes more susceptible to dissociation. As might be 
expected, electron donating substituents show the reverse effect and reduce the 
susceptibility to dissociation. 
Chapter 4: Ternary Systems 
The complexes are generally four coordinate and the hydrazone ligands are deprotonated 
at both the phenol and amide sites. As a consequence, the additional binding of an 
anion, such as chloride, often observed in mononuclear complexes prepared directly 
from the ligands, does not usually occur. Solid pyrazole and imidazole (Figure 4.3) have 
been added to methanolic solutions of dinuclear complexes in order to induce this 
displacement, yielding the complexes shown in Figure 4•5•89 Although it is not actually 





C  N / \ 0 R R = C6H5 , p-CH3C6H41  Nil 	
p-CH3OC6H4 orp-CIC6H4 
Figure 4.5: Ternary mononuclear copper(ii) complexes formed through the addition of pyrazole 
and imidazole to the corresponding dinuclear complexes. 
4.1.2 Characterisation of ternary complexes 
Combined X-ray crystallography, EPR, magnetic study and IR analysis of the ternary 
hydrazone complexes highlight the key features of their coordination environment and 
magnetic properties that differ from the dinuclear complexes discussed in Chapter 2. 
X-ray crystallography 
A large number of crystal structures of ternary hydrazone complexes have been 
recorded. 3' 4. 6-11, 13. 17 The five coordinate complexes of type A are often stabilised by 
intermolecular hydrogen bonding and generally possess distorted square pyramidal 
geometry in the solid state, with binding anions occupying the apical position.8' 
17  For 
1 
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example, the ternary complex of Hsa (Figure 4.6), [Cu(Hsa)Cl(H20)].H2 0, is a discrete 
monomer in the solid state. 17 The copper(H) centre adopts a distorted square pyramidal 
geometry in which Hsa and the water molecule occupy the basal positions and the 







Figure 4.6: Structures of Hsa and SBzh. 
However, complexes of type B (Figure 4.4) are of more interest to this project since they 
are neutral and the hydrazone is deprotonated at both oxygen donor sites. The copper(II) 
complex of SBA (Figure 4.6), [Cu(SBzh)(HPz)]. 1/2 H 20, exists as two discrete 
molecules in the solid state, which are crystallographically independent, but chemically 
similar. 8  The copper(n) centres have a distorted square planar geometry and the 
structure is stabilised by intermolecular hydrogen bonding through the crystal lattice. 
This occurs between the water of crystallisation and the NH/OH structure of the SBA 
molecule and pyrazole ring. 
In some instances, highly distorted octahedral structures, utilising neighbouring chelates 
in axial coordination positions, have also been recorded. 4 In the copper(11) complex of 
5-Cl-OHA-SHZ (Figure 4.7), [Cu(5-Cl-OHA-SHZ)DMF], oxygen atoms from adjacent 
4 5-C1-OHA-SHZ molecules complete the octahedron. 






Figure 4.7: Structure of 5-CI-OHA-SHZ. 
EPR 
Ternary hydrazone complexes have been studied by both powder 
2,4  and solution EPR.' 8 
The solution EPR spectra of type B complexes have been produced in situ through the 
addition of solvents, such as TI-IF, pyridine, DMSO, dioxane and aniline, to the 
dinuclear complexes such as those in Figure 4.8. These solvents are Lewis bases and 





0 0 	N 
\ /\ /NH 
Cu 	Cu 
HN  










Figure 4.8: A series of dinudear complexes used to generate ternary complexes for EPR study. 
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The solution EPR spectra contain four peaks, as expected for copper(II). The signals 
sharpen with increasing magnetic field to reveal hyperfine coupling of a further three 
peaks. This is indicative of coupling to a single nitrogen donor, which can be attributed 
to that in the hydrazone ligand. The coupling effect was noted to be independent of the 
solvent added, indicating that the coordinated solvent molecules lie too far from the 
copper-hydrazone base plane to interact with the unpaired electron orbital of the 
copper(II) ion. 
The addition of nitrogen coordinating ligands to the complexes contained in oxygen 
based solvents, results in a five line hyperfine structure of the EPR spectra. This is 
attributed to the coordination of two unequivalent nitrogen donors and indicates that the 
second nitrogen donor now lies close enough to the copper-hydrazone base plane to 
interact with the unpaired electron of the copper(fl) ion. 
Magnetic properties 
Unlike the dinuclear copper(II) complexes of tridentate hydrazone ligands, which show 
subnormal magnetic moments due to strong antiferromagnetic coupling, ternary 
complexes generally possess magnetic moments in the region expected for mononuclear 
copper(II) complexes. 
Complexes of type A (Figure 4.2), such as those of SBA (Figure 4.6) and related 
ligands, incorporating chloride, nitrate and thiocyanate ions alongside imida.zole, show 
magnetic moments in the range 1.87-1.98 pp at 298 K. 9  Thiocyanate complexes occupy 
the higher end of the scale. 9 
Similar magnetic moments have been recorded for related pyrazole and water substituted 
complexes with various hydrazone ligands (Figure 4.9), incorporating chloride ions. 5 ' 8 
163 
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X 	 Pyrazole complexes: 
X = H R = C61-151 p-CH3C6H41  p-OCH1C6H4  or p-CIC6H4 
OH 
N1*1 
NH Water complexes: 
OR 
X = H, 3-NO2, 3-CH3O, 5-Cl, 5-Br, 5-CH3 or 5-NO2 R o-OHC6H4 
Figure 4.9: Hydrazone ligands used in conjunction with pyrazole and chloride to generate 
complexes of type A. 
Magnetic moments of neutral square planar complexes of type B, such as the copper(II) 
pyrazole containing complex of SBA (Figure 4.6), [Cu(SBzh)(I-lPz)]. 1/21 -120, are also 
consistent with the presence of one unpaired electron in a monomeric copper(I1) system. 8 
IR 
The complexes of type A (Figure 4.2) and B (Figure 4.4) can be easily distinguished by 
infrared spectroscopy. The mononegative complexes of type A show a key absorption 
band due to stretching of the N-H group in the hydrazone amide, which is not 
deprotonated and remains as the keto tautomer in the complex. Coordination through 
the keto tautomer consequently gives rise to strong IR absorption bands due to the 
copper bound C=0 group. 4' 8 
In contrast, bands due to N-H stretching of the hydrazone amide and a coordinated keto 
group, are absent from IR spectra of type B complexes. They are replaced by a strong 
absorption at Ca. 1615 cm' due to the conjugated CN-NC residue, 9 previously 
observed in the IR spectra of the dinuclear complexes, which indicates the hydrazone 
ligands are deprotonated at both oxygen donor sites. 
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4.1.3 New systems 
The introduction of an auxiliary ligand, able to behave as a Lewis base, into a dinuclear 
solvent extraction system, is expected to favour the dissociation of the 2:2 ligand to 
metal complexes as previously described in Section 4.1.1. Extraction of copper(II) could 
then be achieved via the formation of ternary mononuclear copper(II) complexes made 
up of one tridentate ligand, occupying three of the four coordination sites and one 
auxiliary ligand to complete the square planar set. 
The auxiliary ligands should be simple hydrophobic monodentate molecules, able to 
bind copper in conjunction with the tridentate ligands. They should bind unhindered 
into the coordination set and ideally possess the ability to form intermolecular hydrogen 
bonds with the tridentate ligands upon complexation. A nitrogen donor atom, coupled 
with a hydrazone or pyra.zolone tridentate ligand, would offer a similar coordination 
environment to that observed in the dinuclear complexes. This would also maintain the 
balance of hard and soft donor atoms in the system. Two types of auxiliary ligands have 
been considered in this project, alkyl oximes and pyra.zolones. 
Alkyl ox.imes 
Alkyl oximes offer one nitrogen donor atom to the coordination set and are ideal for use 
as auxiliary ligands. A long or branched alkyl chain structure is preferred since 
hydrophobic bulk ensures greater solubility in organic solvents. Short chain alkyl 
oximes may have the same binding ability, but also possess a greater affinity for water, 
which could affect the equilibrium of the solvent extraction process. 
2-Ethyihexanal oxime 4 (Figure 4.10) has successfully been employed in the solvent 
extraction of a number of transition metals, 11-21 including copper(11) 28-31 and some 
lanthanides. 32  It has been used as both a non chelating extractant226' 30. 31, 33 and a 
synergist. 19.27, 28 
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H 
Figure 4.10: 2-Ethylhexanal oxime 4. 
As a synergist in the solvent extraction of copper(II) with tridentate hydrazone and 
pyrazolone ligands, 4 has the ability to form one intermolecular hydrogen bond with the 
tridentate extractant. This could facilitate the complexation of copper(II) into the desired 
mononuclear ternary systems, particularly if the opportunity for intermolecular hydrogen 












C X=H,CH3 ortBu 	 D 
Figure 4.11: Predicted ternary complexes of hydrazones 3c-3f with 2-ethyihexanal oxime 4. 
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The 3-hydro (3c), 3-methyl (3e) and 3-tbutyl (31) substituted hydrazone ligands (Figure 
2.1) are predicted to form the complex C (Figure 4.11), with one intermolecular 
hydrogen bond between the oxime group and the phenolate oxygen donor atom. The 3-
nitro substituted ligand (3d) is able to form an additional intermolecular hydrogen bond 
to the oxime through one of the oxygens in the nitro group, resulting in the complex D. 
The coordination environment of structures C and D consists of two opposite facing five 
membered rings linked by a six membered ring. This arrangement creates symmetry in 
the structure, resulting in equal bond angles around the donor set and is expected to 
provide further stability to the complexes. However in the alternative structure E 
(Figure 4.12), a five membered ring faces a six membered ring in the square planar set. 
This is expected to create an imbalance in the bond angles around the copper centre, 





E X = H, NO2, CH3 or 'Bu 
Figure 4.12: Alternative complex of hydrazone ligands 3c-3f with 2-ethyihexanal oxime 4. 
A similar arrangement to C (Figure 4.11) can also be formed by the tridentate 
pyrazolone ligand 9d (Figure 3.1). A symmetrical arrangement of the coordination set, 
as described for complexes C and D, can be obtained if the pyrazolone ligand 9d 
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hydrogen bonds to the alkyl oxime through the pyrazolone oxygen donor. This results in 
the complex F shown in Figure 4.13. 
H 
H' 'N Cu 
o/N - 
N 	0 
Figure 4.13: Predicted ternary complex of pyrazolone ligand 9d with 2-ethyihexanal oxime 4. 
Pyrazolones 
The use of simple pyrazoles as auxiliary ligands in ternary copper(1I) complexes of 
tridentate hydrazones is well documented . 8  They have been used to substitute water 
molecules in the monomeric complexes of type A (Figure 4.2) and can also be used to 
breakdown dinuclear hydrazone complexes to produce complexes of type B (Figure 4.4). 
As predicted for ternary complexes with alkyl oximes, pyrazoles should be able to form 
one form intermolecular hydrogen bond with the hydrazone ligands 3c-3f (Figure 2.1) 
on complexation, resulting in the structure G (Figure 4.14). Intermolecular hydrogen 
bonding of the pyrazole to the keto oxygen donor group of the hydrazone ligand has 
been noted in the X-ray crystal structures of similar ternary hydra.zone complexes .67 
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Pyrazolones in the tautomeric form D (Figure 3.4) are able to form two intermolecular 
hydrogen bonds with the hydrazone ligands to give the structure H (Figure 4.14), which 











Figure 4.14: Ternary complexes of hydrazone ligands 3c-3f employing a pyrazole and a 
pyrazolone as auxiliary ligands. 
In addition, the coordination set is now completely enclosed, containing two five-
membered and two six-membered rings that lie on mirror planes. This symmetrical 
casing of the central copper(II) atom should greatly favour ternary complex formation. 
In principle, simple pyrazolones could also be used in conjunction with the tridentate 
pyrazolone ligands, producing complexes of the type I (Figure 4.15). However, this 
route has not been persued as part of the project due to the solubility problems 
associated with both 9d and 6b, which would make preparation of extraction 
experiments very difficult. 
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N 








Figure 4.15: Possible ternary Complexes of tridentate pyrazolone ligand 9d with a simple 
pyrazolone as an auxiliary ligand. 
4.2 Isolation and X-ray crystallography of a ternary complex 
As discussed in Section 2.4, b  s[(.t-2-hydroxy-3 -nitro-5-tert-butyl-benzaldehyde-
octanoylhydra.zone)ono(-2)] dicopper(I1) [Cu 2(3b-214)2] was prepared by mixing an 
ethanolic solution of copper acetate with an ethanolic solution of ligand 3b (Figure 2.1) 
in a 1:1 ratio. It was isolated from the reaction as a dark green powder in an 89% yield 
and identified by mass spectrometry, infra-red spectroscopy and elemental analysis. No 
evidence for mononuclear species was observed. 
Pyridine was added to a methanolic solution of [Cu 2(3b-2H)21 in an attempt to 
concentrate the sample for crystal growth. Formation of crystals suitable for X-ray 
structure determination occurred over a three month period. They contained the five 
coordinate ternary copper(H) complex of 3b incorporating both pyridine and methanol 
into the coordination set (Figure 4.16). This is an example of how the addition of Lewis 
bases to dinuclear copper(II) hydrazone complexes can result in the dismantling of the 
Cu-0-Cu bridge and the formation of mononuclear complexes. 






















Figure 4.16: Solid state structure of [Cu(3b-2H)(Py)(MeOH)]. 
The structure of a molecule which defines the asymmetric unit is shown in Figure 4.16. 
The geometry of the copper(II) centre is distorted square pyramidal with a pyridine 
molecule occupying the vacant basal position and methanol coordinating in the apical 
position. Deviation from the basal plane is demonstrated by the angles 0(21)-Cu(20)-
N(23), 92 . 46(11)0, 0(21 )-Cu(20)-O( 1), 93 . 13(11)0,  0(21 )-Cu(20)-N(9), 97 . 84(11)0  and 
0(21)-Cu(20)-0(12), 92.88(10)° (Table 4. 1), which are all larger than 900 
The geometry also deviates significantly from the ideal 'squareness' of the basal plane, 
since the bonds Cu(20)-0( 12), 1.964(2) A, Cu(20)-0( 1), 1.918(2) A and Cu(20)-N(9), 
1.930(3) A are shorter than Cu(20)-N(23), 2.006(3) A (Table 4, 1), indicating that 3b is 
more tightly bound to the copper(II) centre than the pyridine molecule. The methanol 
molecule is weakly coordinated with a Cu(20)-0(21) bond length of 2.312(3) A. The 
'squareness' is also affected by the bite angles around the basal plane of which, the 
angle N(9)-Cu(20)-0(12), 80.79(1 1)° (Table 4.1), deviates the most from the ideal. 
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Table 4.1: Selected bond lengths and angles for [Cu(3b-2H)(Py)(MeOH)1 
Selected bond lengths (A) Selected bond angles (°) - 
Cu(20)-0(12) 1.964(2) 0(12)-Cu(20)-N(23) 94.61(11) 
Cu(20)-0( 1) 1.918(2) N(23)-Cu(20)-0( 1) 91.94(11) 
Cu(20)-N(9) 1.930(3) 0(1)-Cu(20)-N(9) 91.64(11) 
Cu(20)-N(23) 2.006(3) 0(1 )-Cu(20)-0( 12) 80.79(11) 
Cu(20-0(2 1) 2.312(3) 0(21 )-Cu(20)-N(23) 92.46(11) 
0(21)-Cu(20)-0(1) 93.13(11) 
H-bond lengths (inter) (A) 0(21)-Cu(20)-N(9) 97.84(11) 
0(21)-HN(10)' 1.833 0(21)-Cu(20)-0(12) 92.88(10) 
Intermolecular hydrogen bonding occurs between 0(21)-HN(10)' (Table 4.1). This 
creates a step pattern in the packing structure, in which the molecules line up head to 
head, with the two alkyl groups lining either side of the coordination set. 
A summary of details of the structure determination is included in Section 5.6 and 
crystal data is presented in Table 5.9 (Chapter 5). In addition all structure files can be 
found in Folder: Chapter 4-Crystal structures on the appendix CD. 
4.3 Extraction of copper(II) with 2-ethyihexanal oxime (4) as 
auxiliary ligand 
4.3.1 Extraction setup 
Fifteen extraction experiments, producing fifteen 'points' on an S-curve, were prepared 
for each ligand system, although in many cases several additional 'points' were required 
to cover the extraction range. As examples, the make up of the extraction 'points' used 
for 3d in a 1:1 ratio with 4 are shown in Table 5.3 and those for 9d in a 1:3 ratio with 4 
are shown in Table 5.4 (Chapter 5, Section 5.3.5). 
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2-Ethyihexanal oxime 4 (Figure 4.1) is highly soluble in chloroform and thus the 
hydrazone ligand systems 3c-3f (Figure 2.1) were supplied from one stock solution in 
each case. The ligand solutions were prepared at a concentration of 0.05 mol dm 3 , with 
the exception of 4, which when present in a 3:1 ratio with 3c-3f, was taken at a 
concentration of 0.15 mol dm 3 . 
In the case of the pyrazolone 9d (Figure 3]), which is insufficiently soluble to feed into 
the extractions in solution, a three phase system was employed as described in Section 
3.8.1. In this instance, because 9d is used at a 'concentration' of 0.01 mol dm 3, when 4 
is present at a 3:1 ratio with 9d, the organic feed contained only 4 at a concentration of 
0.03 mol dm 3 . 
The aqueous feeds provided one mole of copper(H) for every mole of 3c-3f or 9d 
available. Again the pH of the extraction 'points' was varied through the addition of 
aqueous sodium hydroxide and sulfuric acid, which was intended to deprotonate or re-
protonate a certain percentage of the tridentate ligands. The extractions were stirred to 
equilibrium and the S-curves produced by plotting the equilibrium pH against the 
concentration of copper(II) in the organic phase, which was measured by ICP-OES. 
Organic and aqueous samples analysed by EPR, were taken directly from the 
extractions. The parameters used in each case are listed in Tables 5.6 and 5.7. Further 
details of the experimental methodology can be found in Section 5.3. 
4.3.2 3-Nitro substitution in the hydrazone ligand (3d) 
The resulting S-curve for the ligand system containing 3d (Figure 2.1) and 4 (Figure 4.1) 
in a 1:1 ratio is shown in Figure 4.17. The addition of 4 to 3d causes the double 
inflection observed in the binary system (Section 2.5.2) to be replaced by a more 
conventional shape. However the slope of the curve is shallow compared to those 
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observed for commercial 'pH-swing' extraction processes and even the binary systems 
discussed in Chapters 2 and 3. 
The data suggest that extraction occurs via a complex with an empirical 1:1 3d to 
copper(II) ratio and the absence of the double inflection indicates the formation of only 
this species. As discussed in Section 2.5.2, this could be either a polynuclear complex 
with an x:x 3d to copper(fl) ratio, as observed in the binary 3d system, or a mononuclear 







0 	0.5 	1 	1.5 	2 	2.5 	3 	3.5 	4 
Figure 4.17: Variation in copper(II) extraction by 3d and 4 in a 1:1 ratio with pH. 
The EPR spectra of the chloroform solutions taken from a selection of extractions 
covering the pH range are shown in Figure 4.18. The key indicates the percentage of 
copper(II) extracted into the organic phase for each sample, as measured by ICP-OES. 
The spectra show the overall increase in intensity of a signal with increasing pH and 
percentage of copper(I1) extracted. This can be attributed to the formation of a 
mononuclear paramagnetic copper(n) complex as observed in the first inflection of the 
binary 3d system (Section 2.5.2). However the shape of the signal is quite different 
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from that for the [Cu(3d-H)2] species (Figure 2.26), since all four peaks of the copper(H) 




- 25% Cu(ll) 
—81%Cu(ll) 
—93% Cu(H) 
- 103% Cu(U) 
Figure 4.18: EPR spectra of the organic phase of a selection of extractions for ligand 3d in a 1:1 
ratio with 4 from 0 - 100% copper(ii) loading. The key indicates the percentage of copper(ii) 
extracted into the organic phase, as measured by ICP-OES. 
A particularly interesting feature of the EPR spectra is the hyperfine coupling observed 
at high magnetic field, which changes shape as the percentage of copper(II) extracted 
increases. This hyperfine structure is indicative of coupling to two nitrogen centres in 
the complex, however the variation in shape suggests the type of nitrogen coordinated to 
the copper(II) centre, changes during the extraction process. 
Modelling of the EPR spectra produced two independent nitrogen coupling constants 
(Table 4.2), which indicate the coordination of two unequivalent nitrogens to the 
copper(H) centre. The presence of two different nitrogen types in the complex suggests 
the formation of D (Figure 4.11), in which 4 is incorporated into the complex with 3d as 
the fourth coordinate completing the square planar set around the copper(H) centre. 
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Table 4.2: EPR parameters for ligand system 3d:4 in a 1:1 ratio 
Ligand system g Ar" (G) AN (G) 
1:13d:4 2.1628 91.0 28.9 and 8.6 
The pH value of 1.1 for the system is somewhat lower than pH values obtained for the 
formation of dinuclear complexes from 3c-3f (Figure 2.1) discussed in Chapter 2. 
Extraction of copper(H) via ternary complexes with 4 appears to be more favourable for 
3d than the binary system. In addition, the combined relative molecular mass of 3d and 
4 is only marginally larger than the combined mass of two P50 oximes, which means 
that the extraction process is not significantly less efficient than the current commercial 
processes. 
When the ratio of 4 to 3d is increased to 3:1, the pHy, is seen to decrease from 1.1 to 0.7 









0 	0.5 	1 	1.5 	2 	2.5 	3 	3.5 	4 
F11 
Figure 4.19: Variation in copper(II) extraction by 3d and 4 in a 1:1 and a 1:3 ratio with pH. 
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The EPR spectra of the chloroform solutions taken from a selection of extractions 
covering the pH range are shown in Figure 4.20. The signal observed is almost identical 
to that obtained for the system containing a 1:1 ratio of 4 to 3d (Figure 4.18), showing 
four clear peaks and increasing in intensity with the percentage of copper(n) extracted. 
However in this case the shape of the hyperfine splitting, observed at high magnetic 









Figure 4.20: EPR spectra of the organic phase of a selection of extractions for ligand 3d in a 1:3 
ratio with 4 from 0 - 100% copper(ii) loading. The key indicates the percentage of copper(u) 
extracted into the organic phase, as measured by ICP-OES. 
The EPR parameters for the system containing 3d and 4 in a 3:1 ratio are presented in 
Table 4.3. The two independent nitrogen coupling constants again indicate the 
coordination of two different nitrogen donors to the copper(II) centre, which suggests the 
formation of complexes of the type D (Figure 4.11). However the parameters are 
somewhat different to those obtained for the system containing 3d and 4 in a 1:1 ratio 
(Table 4.2); the variation in the nitrogen coupling constants is less whilst the g value is 
lower. 
77 
Chapter 4: Ternary Systems 
Table 4.3: EPR parameters for ligand system 3d:4 in a 1:3 ratio 
T Ligand system g A 	(G) AN (G) 
1:3 3d:4 2.1558 90.0 16.0 and 12.0 
D utilises the syn isomer of 4, however the syn and anti isomers, shown in Figure 4.21, 
are present in a 4:7 ratio (Section 5.4.1). Since there is only one mole of 4 present for 
every mole of copper(H) and 3d in the 1:1 extraction system, the anti isomer must also 
form ternary complexes in order to obtain 100% copper(II) extraction. The complex 
formed by the anti isomer is shown in Figure 4.22. It is expected to suffer from slightly 
unfavourable inter-ligand interactions between the 2-ethyihexyl chain of 4 and the C7H15 
chain of 3d, therefore we assume it to be less stable and its formation to be less likely 
than the complex formed by the syn isomer D (Figure 4.11). The change between the 
two complexes and their expected differences could explain why the S-curve of the 1:1 





syn 	 anti 
4 : 	 7 
Figure 4.21: Syn/anti isomers of 4. 
Increasing the ratio of 3d to 4 to 1:3 creates an excess of the syn isomer and it is 
assumed that all the copper(H) is now extracted exclusively via the more favourable 
complex D (Figure 4.11). The decrease in pH./,and increase in the gradient of the S-
curve can then be explained if D is more stable than its anti isomer. 
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The nitrogen coupling constants, AN, suggest that in both systems, one of the nitrogen 
donors interacts more with the copper(H) centre than the other. The nitrogen donor of 
the monodentate ligand 4 may be more weakly coordinated than the nitrogen donor of 
3d. Since 3d occupies three of the four available coordination sites it is assumed to 
exert a greater influence over the coordination environment of the copper(II) centre than 
4. The position and orientation of 4 and the strength of its coordination are likely to be 
dictated by the available space left after the coordination of 3d. The lower nitrogen 
coupling constants, 8.6 and 12.0 G, are therefore assigned to the nitrogen donor in 4. 
0.... 	o 	N 
H' \ /N 
Cu 
o_../ \ 
Figure 4.22: Ternary copper(ii) complex formed by 3d and anti isomer of 4. 
The greater difference between the nitrogen coupling constants of the 1:1 system can be 
attributed to the unfavourable nature of the complexes formed by the anti isomer of 4 
(Figure 4.22). In these instances, 4 may be more weakly bound to the copper(II) centre 
than in D (Figure 4.11), therefore the orbitals of the nitrogen donor are unable to interact 
with the copper(H) centre to the same degree. Consequently the copper(II) centre may be 
more tightly bound by 3d, which leads to an greater nitrogen coupling constant for the 
nitrogen donor of 3d. 
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Although increased from that for a free electron as expected for a copper(II) system, the 
g value for D (Figure 4.11), formed in the 1:3 system, is lower than that obtained for the 
mononuclear complex, [Cu(3d-H)2] in Chapter 2 (Table 2.4). This indicates that the 
copper(II) centre has more freedom of movement in the ternary complex, which may be 
associated with its structure. Whilst the complex D does possess one three point 
hydrogen bond, the complex [Cu(3d-H)2] is pseudo-macrocyclic and therefore 
movement of the copper(II) centre will be more limited due to the rigidity of the 
complex. The g value obtained for the 1:1 system is higher than that of D, but still lower 
than that of [Cu(3d-H)2}, indicating the presence of complexes in which the copper(II) 
centres have less freedom of movement than in D. This can be attributed to the 
unfavourable inter-ligand interactions in the anti isomer of D (Figure 4.22), which may 
limit the movement of the copper(I1) centre. 
4.3.3 3-Hydro, 3-methyl and 3tb utyl substitution in the hydrazone ligands (3c, 
3e and 3f) 
Extraction of copper(H) with 3c, 3e and 3f (Figure 2.1) in a 1:1 ratio with 4 (Table 4.1) 
was not persued due to the complications associated with the syn/anti isomerisation of 4. 
The S-curves produced for ligand systems 3c, 3e and 3f in a 1:3 ratio with 4 are shown 
in Figure 4.23. All three systems show a decrease in the pH from their respective 
binary systems discussed in Chapter 2 (Table 4.3) and follow the order: 
3c/4 <3e/4 <3f/4 
which is consistent with an increase in bulk at the 3-position of the phenol ring 
weakening the extractant. 
The shapes of the curves and observed loadings indicate the formation of complexes 
with a 1:1 copper(II) to 3c, 3e or 3f ratio. Due to the presence of 4 and the significant 
I 
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decrease in pH. in each case, it is assumed that extracted species are different from the 















Figure 4.23: Variation in copper(u) extraction by 3c, 3e and 3f and 4 in a 1:3 ratio with pH. 
Table 4.4: pH values for 3c, 3e and 3f in binary systems and ternary systems containing 4 









The EPR spectra of the chloroform solutions taken from a number of extractions 
covering the pH range were obtained. The spectra which follow the extraction of 
copper(II) by 3e in a 1:3 ratio with 4, are shown in Figure 4.24. They share many 
characteristics with the spectra in Figure 4.20 and also with those obtained for 3c and 3f 
in a similar manner. The latter are not presented here, but can be found in Folder: 
Chapter 4-Chloroform EPR and EPR S-curves on the appendix CD. 
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As for the extraction of copper(II) with 3d and 4 in a 1:3 ratio, the EPR spectra show the 
increase in intensity of a signal with increasing pH and percentage of copper(II) 
extracted. The signal is indicative of a paramagnetic copper(II) ion and compatible with 










Figure 4.24: EPR spectra of the organic phase of a selection of extractions for ligand 3e in a 1:3 
ratio with 4 from 0 - 100% copper(ii) loading. The key indicates the percentage of copper(ii) 
extracted into the organic phase, as measured by ICP-OES. 
The EPR parameters for the ternary 3c, 3e and 3f systems in a 1:3 ratio with 4 are shown 
in Table 4.5. The similarity between the EPR spectra is reflected in the g values and the 
coupling constants, A C' and AN,  which are in the same range as those obtained for 3d in 
a 1:3 ratio with 4. 
Table 4.5: EPR parameters for ligand systems 3c, 3e and 3f with 4 in a 1:3 ratio 
Ligand system g A 	(G) AN (G) 
3c:4 2.1578 95.0 16.0 and 12.0 
3e:4 2.1578 95.0 17.0 and 12.0 
31:4 2.1608 92.4 2 1. 0 and 8.7 
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This indicates that the extracted species are likely to be of the form C (the mononuclear 
complexes [Cu(3x-2H)4] shown in Figure 4.11, X = H, CH 3 or Bu), which is analogous 
to the complex D (Figure 4.11) identified in the extraction of copper(II) with 3d in a 1:3 
ratio with 4. The increase in pH/, can be attributed to less favourable intra-molecular 
hydrogen bonding and to unfavourable inter-ligand repulsion in the complex which 
become more significant as the size of the substituent X increases. 
As noted for the extraction of copper(H) with 3d and 4 in a 1:3 ratio, copper transfer 
compared to commercial extractants is not higher in any of these systems, however the 
smaller the group at X in C (Figure 4.11), the smaller the deficiency. 
4.3.4 Pyrazolone ligand (9d) 
The S-curve produced from the three phase extraction of copper(n) with 9d (Figure 3.1) 
and 4 (Table 4.1) in a 1:3 ratio (Figure 4.25) has a similar shape to the S-curve obtained 
for the binary 9d system discussed in Chapter 3. However, whilst significant decreases 
in pHl/, were observed for ternary systems derived from the hydrazone extractants 3c-3f 
(Figure 2. 1), the pH./,for the ternary system of 9d with 4 at 1. 7, is only slightly lower 
than that of the binary system. 
The similarity of the two S-curves could indicate no difference in the nature of the 
extracted copper(II) species, since the loading data obtained by ICP-OES analysis 
provide evidence only for the formation of complexes with an empirical 1:1 9d to 
copper(II) ratio and do not distinguish between the formation of a dinuclear complex and 
a ternary mononuclear complex incorporating 4. 
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Figure 4.25: Variation in copper(ii) extraction by 9d and 4 in a 1:3 ratio with pH. 
The EPR spectra of the chloroform solutions taken from a selection of extractions 
covering the pH range are shown in Figure 4.26. The signal shows an overall increase in 
intensity with increasing pH and percentage of copper(H) extracted. It contains four 
peaks indicating the presence of a paramagnetic copper(II) centre and displays hyperfine 
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Figure 4.26: EPR spectra of the organic phase of a selection of extractions for ligand Sd in a 1:3 
ratio with 4 from 0 - 100% copper(ii) loading. The key indicates the percentage of copper(II) 
extracted into the organic phase, as measured by ICP-OES. 
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Table 4.6: EPR parameters for 9d with 4 in a 1:3 ratio 
ILigand system 	I g 	I A 	(G) AN (G) 
9d:4 2.1658 88.0 19.8 and 10.4 
As observed with hydrazone ligands 3c-3f in a 1:3 ratio with 4, this can be attributed to 
the formation of ternary complexes, in this case [Cu(9d-2H)4] (F (Figure 4.13). The 
difference in the nitrogen coupling constants may be due to different binding strengths 
of the nitrogen atoms to the copper(II) centre. Since 9d occupies three of the four 
available binding sites, it is predicted to coordinate more strongly to the copper(II) centre 
and exert a greater influence over its coordination geometry. The higher coupling 
constant, 19.8 G, is therefore attributed to the imine nitrogen donor of 9d. The lower 
coupling constant, 10.4 G, is attributed to the nitrogen donor of 4, since 4 is predicted to 
be more weakly bound to the copper(H) centre than 9d. 
Whilst the principle that improved mass-transfer of copper can be obtained using ternary 
pyrazolone/auxiliary ligand reagents, in practice the extractant is required to be 
sufficiently soluble in kerosene to be used commercially. Increasing the alkyl bulk on 
9d to achieve this would result in an increase in the relative molecular mass of the ligand 
and a decrease in the mass-transfer efficiency of copper. 
4.4 Extraction of copper(II) with 3-iso-propyl-2-pyrazol-5-one 
(6b) as auxiliary ligand 
4.4.1 Extraction setup 
A base number of fifteen extraction experiments producing fifteen 'points' on an 5- 
curve, were prepared for each ligand system. However as with the ternary systems of 4, 
in most cases several additional 'points' were required to cover the extraction range. 
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The 'points' used for 3d in a 1:1 ratio with 6b are shown in Table 5.5 (Chapter 5, 
Section 5.3.5) as an example. 
Unlike 4, 3 -iso-propyl-2-pyrazol-5 -one 6b (Figure 4.1) is relatively insoluble in 
chloroform, therefore a three phase extraction system, as described in Section 3.8.1, was 
employed. The tridentate ligands 3e and 3d (Figure 2.1) were added to the extractions 
from a stock solution made in chloroform at a concentration of 0.05 mol dm 3 . 
Sufficient solid 6b was also added to each extraction 'point' to provide a 1:1 ratio with 
3c and 3d. 
The extraction procedures were carried out as outlined in Section 4.3.1. The parameters 
used in each case are listed in Tables 5.6 and 5.7. Further details of the experimental 
methodology can be found in Section 5.3. 
44.2 X-ray crystallography and tautomerism of 6b 
In the form of tautomer D (Figure 3.4), 3-iso-propyl-2-pyrazol-5-one 6b could act as an 
auxiliary ligand and coordinate copper(11) in conjunction with tridentate ligands such as 
the hydrazones 3c-3f to yield the complex H (Figure 4.14). The structure is expected to 
be pseudo-macrocyclic due to the presence of free N-H and 0-H groups in D which are 
available to form two intermolecular hydrogen bonds between the ligands. 
Due to its insolubility in chloroform, 6b was added to the extraction systems as a solid. 
X-ray crystallography reveals that in the solid state, 6b exists as the tautomer C (Figure 
3.4). The structure of a single molecule which defines the asymmetric unit is shown in 
Figure 4.27 (Details of the structure determination is included in Chapter 5, Section 5.6. 
Crystal data is presented in Table 5.9 and structure files can be found in Folder: Chapter 
4-Crystal structures on the appendix CD). It is consistent with the solid state IR of 6b, 
which indicates the presence of C=O and N-H groups with bands at 1628 and 2346-2964 
I 
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cm' respectively, but the absence of any 0-H groups. The tautomer C was also 





Figure 4.27: Solid state structure of pyrazolone 6b. 
Therefore, in order to produce H (Figure 4.14) using the tautomer D (Figure 3.4), 6b is 
required to undergo isomensation on dissolution and complex formation. 
H--N' 	
0 
Figure 4.28: Structure of 3-methyl-2-pyrazol-5-one in the tautomenc form C. 
4.4.3 3-Nitro and 3-hydro substitution in the hydrazone ligand (3d and 3c) 
The S-curves for the extraction of copper(II) via 3c and 3d (Figure 2.1) in a 1:1 ratio 
with 6b (Figure 4. 1), are shown in Figure 4.29. As observed for the extraction of 
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copper(H) by 3c and 3d with 4 in a 1:3 ratio, the addition of 6b enhances the extraction 
strength of each system significantly compared with the 2:2 complexes formed in the 
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Figure 4.29: Variation in copper(u) extraction by 3c and 3d with 6b in a 1:1 ratio with pH. 
As before the shape of the curves indicate the formation of complexes with an empirical 
1:1 ratio of 3c or 3d to 6b. The reduction in pHv. following the same pattern as observed 
with addition of 4, suggests the coordination of 6b to the copper(H) centre and the 
formation of analogous complexes, [Cu(3x-2H)6b] (H, Figure 4.14), with similar 
stability. 
Table 4.7: pH.,, values for 3c and 3d in binary and ternary systems 
Ligand system 3c 3d 
Binary 2.5 3.2 
Ternary (1:33x:4) 1.5 0.7 
Ternary (1: 1 3x: 6b) 1.5 0.7 
EPR spectra of the chloroform solutions taken from a selection of extractions covering 
the pH range of each system were recorded. The spectra obtained were very similar for 
29 so 
- B ( - 
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each system; those for 3d employing 6b in a 1:1 ratio are plotted in Figure 4.30, whilst 
those for 3c can be found in Folder: Chapter 4-Chloroform EPR and EPR S-curves on 
the appendix CD. 
The EPR signals observed closely resemble those obtained for the extraction systems of 
3c-3f (Figure 2.1) in a 1:3 ratio with 4. They contain 4 peaks, which is indicative of a 
paramagnetic copper(I1) ion and increase in intensity with pH and percentage of 
copper(II) extracted. This supports the formation of mononuclear complexes of type H 
(Figure 4.14) during extraction in each case. 
- 150/. Cu(H) 
- - 33% Cu(H) 
- 43%Cu(H) 
- 530/. Cu(II) 
—67% Cu (11) 
—85% Cu(H) 
- 1000/0 CU(if) 
Figure 4.30: EPR spectra of the organic phase of a selection of extractions for ligand 3d in a 1:1 
ratio with 6b from 0 - 100% copper(ii) loading. The key indicates the percentage of copper(u) 
extracted into the organic phase, as measured by ICP-OES. 
As previously observed in similar spectra, hyperfine splitting of the copper(III) signal into 
an additional five peaks occurs as the magnetic field strength increases. Modelling of 
the EPR spectra reveals two distinct nitrogen coupling constants (Table 4.8), which 
indicates the coordination of two different nitrogen donor types to the central copper(H) 
ion. 
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Table 4.8: EPR parameters for ligand systems 3c and 3d with 6b in a 1:1 ratio 
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Addition of 6b to the extraction systems of 3c and 3d does not dramatically affect the 
mass-transfer efficiency of copper compared to P50 oxime. A small improvement in the 
mass-transfer capabilities of P50 is observed for 3c, however the mass-transfer of copper 
achieved with 3d is decreased from that of P50. 
4.5 Tracking movement of copper(II) by EPR 
As described in Section 2.6, the [Cu(H20)6] 2  ion can also be detected by EPR in the 
aqueous phase. As an example, Figure 4.31 shows the EPR spectra of the aqueous 
solutions taken from a selection of extractions of copper(II) by 3d (Figure 2.1) and 4 
(Figure 4.1) in a 1:3 ratio. As before the key indicates the amount of copper(I1) present 
in the organic phase, as measured by ICP-OES and therefore the amount of copper(II) 
that has been removed from the aqueous phase. 
Similar spectra were obtained for the remaining systems and can be found in Folder: 
Chapter 4-Aqueous EPR and reverse S-curves on the appendix CD. The EPR 
parameters used to study copper(H) in the aqueous phase are given in Table 5.7 (Chapter 
5, Section 5.3.6). 
Again the EPR spectra are broad and lacking in the structural detail. The signal is seen 
to decrease in intensity with increasing pH and percentage of copper(I1) extracted into 
the organic phase. As discussed in Section 2.5.2, the peak heights were shown to be 
proportional to the intensity of the EPR signal and therefore the concentration of 
copper(H) in solution. By assuming the peak height of the sample, 100% Cu(II), 
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represents the capacity of the aqueous feed, the percentage of copper(II) remaining in 
each aqueous solution can be calculated by ratio. 
27 00 








Figure 4.31: EPR spectra of the aqueous phase of a selection of extractions for the extraction of 
copper(II) with 3d and 4 in a 1:3 ratio. The key indicates the percentage of copper(ii) in the 
organic phase, as measured by ICP-OES and therefore what is lost from the aqueous phase. 
Plotting these data against the pH of the samples produces a 'reverse S-curve', which 
records the loss of copper(H) from the aqueous phase with increasing pH. By tracing 
this data over the organic S-curve (Figure 4.32), the movement of copper(II) between the 
two phases can be tracked. The two curves cross at -50% and mirror each other almost 
perfectly, which demonstrates an effective mass balance in the system. Similar curves 
were produced for all other systems and can be found in Folder: Chapter 4-Aqueous 
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Figure 4.32: The movement of copper(ii) in the extraction system tracked by plotting the 
concentration of copper(ii) in the organic phase, as measured by ICP-OES against the 
concentration of copper(is) in the aqueous phase, as determined by the height of the EPR peaks. 
4.6 Comparison of ICP-OES and EPR data 
The ternary systems extract copper(II) in mononuclear paramagnetic complexes that give 
rise to EPR signals which increase in intensity with the percentage of copper(H) 
extracted. The peak heights have been shown to be proportional to the intensity of the 
EPR signals (Section 2.5.2) and therefore to the concentration of the mononuclear 
complex in the organic phase. Plotting concentration data determined from the peak 
heights, against data obtained from ICP-OES, allows the two techniques to be compared. 
However, only systems in which the shape of the hyperfine coupling did not change 
were considered, since variable hyperfine splitting affects the shape and height of the 
peaks. In theory, similar data could be obtained for all ternary systems using the actual 
intensities calculated from the double integration of the signals in the recorded EPR 
spectra. 
By assuming the percentage of copper(II) extracted in the sample with the largest 
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from ICP-OES, the remainder of the copper(II) concentrations can be obtained by ratio. 
Plotting this data against the pH of the respective aqueous samples produces an 
alternative S-curve which can be traced over the original curve produced from ICP-OES 
data. Figure 4.33 shows the two S-curves produced for the extraction of copper(II) with 
3e (Figure 2.1) with 4 (Figure 4.1) in a 1:3 ratio. The data obtained via the two methods 
is clearly comparable and illustrates the reliability of the EPR technique to not only 
monitor complex speciation during the extraction process, but also provide reproducible 
Figure 4.33: Comparison of data obtained from ICP-OES and EPR for the extraction of copper(u) 
with 3e and 4iria 1:3 ratio. 
4.7 Selectivity for copper(II) over iron(III) 
4.7.1 Applicable systems 
Any ligand system has the potential to extract other metals in the presence of copper(I1) 
if it is able to chelate them favourably. A number of other metals are present in pregnant 
leach solutions, in particular iron(II1), which can be present at greater concentrations 
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than copper(II) itself. For a new ligand system to function commercially as a copper 
extractant, it must be able to extract copper(II) over iron(IH). In addition the copper(H) 
extraction pH./, should ideally be lower than 2 in order to ensure that an operating pH 
can be used which prevents the formation of insoluble iron(III) hydroxides. 
The most appropriate systems to test for selectivity over iron(III) are therefore those with 
the low pH, values for the extraction of copper(ll). For the systems identified in this 
thesis, these are 3d (Figure 2.1) in a 1:3 ratio with 4 (Figure 4.1) and 3d in a 1:1 ratio 
with 6b (Figure 4.1). If these ligand systems were to extract iron(Ill) they would be 
expected to function differently since iron(HI) favours octahedral coordination geometry, 
which could not be satisfied via the 3+1 donor set offered by 3d with 4 or 6b. It is 
possible that 3d alone may coordinate iron(III) in a 3:1 ligand to metal ratio, in which 
only the phenolate oxygen donors of each ligand are deprotonated. Alternatively 3d 
could function as a tridentate ligand in a 2:1 ratio to give neutral octahedral complexes, 
2L(ocg) + Fe 3+ - [Fe(L-2H)(L-H)]((.g) + 314 
if one ligand is mono-deprotonated and the other doubly-deprotonated. Consequently, 
the binary system of 3d was tested alongside the two ternary systems as a standard. 
4.7.2 Iron(iii) S-curves 
Preparation of the iron(M) S-curves is described in Section 5.3.7. The specific 
extractions used in each case were a selection of those required to produce the copper(II) 
S-curves for each ligand system. Whilst the aqueous copper(n) feeds were taken to 
provide one mole of copper(II) for every mole of 3d, the aqueous iron(11I) feeds provided 
one mole of iron(llI) for every three moles of 3d, to compensate for the expected 
preference of iron(ffl) to complex in a 1:3 ratio with 3d. Thus in the S-curve plots, a 
100% loading by 3d would indicate complete use of the ligand 3d to form a 1:3 complex 
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[Fe(3d-H) 3 ]° . If the 1:2 complex [Fe(3d-2H)(3d-H)] were formed, the maximum uptake 
of iron(M) could still be recorded on the S-curve plots as 100%, but will leave one third 
of the extractant unloaded. 
The iron(III) S-curves produced for the three systems are shown in Figure 4.34-Figure 
4.36. Complete S-curves could not be obtained for extraction of iron(llI) with 3d in a 
binary system or 3d in a 1:3 ratio with 4, since all extractions requiring the pH> 2.2 
resulted in the precipitation of iron(ffl) oxides which did not re-dissolve on extended 
stirring. The curves show that both systems begin to extract iron(III) at pH> 1.5. This 
similarity could suggest the formation of similar iron-complexes during extraction, but 
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Figure 4.35: S-curves for copper(ii) and iron(iii) loading by 3d in a 1:3 ratio with 4. 
Figure 4.36: S-curves for copper(t) and iron(iii) loading by 3d in a 1:1 ratio with 6b. 
The S-curve produced for the extraction of iron(III) with 3d and 6b in a 1:1 ratio is quite 
different from the other two systems (Figure 4.36). No extractions with pH> 3.0 could 
be analysed due to the formation of insoluble iron(III) hydroxides which did not re- 
196 
Chapter 4: Ternary Systems 
dissolve on extended stirring. Despite this, loading of iron(III) above 100%, based on 
the formation of a 3:1 species was observed. This suggests the ratio of 3d to iron(HI) in 
the extracted species is less than 3:1 and could indicate the formation of 2:1 complexes, 
[Fe(3d-2H)(3d-H)]. 
Since similar behaviour is not observed during extraction with 3d in a 1:3 ratio with 4, 
the anomalous loading is more likely to be associated with the iron chelating properties 
of 6b. These are demonstrated during extraction set-up, when the addition of aqueous 
iron(III) results in the complete dissolution of 6b. Formation of species containing one 
3d molecule deprotonated at both oxygen donor sites coordinating as a tridentate ligand, 
one 3d molecule deprotonated at one oxygen donor site coordinating as a bidentate 
ligand and coordination of one neutral 6b molecule could explain the loading data. Such 
complexes would preserve the desired octahedral geometry of the iron(III) centre, but 
reduce the 3d to iron(III) ratio to 2:1. 
4.8 Stripping isotherm of 3d:4 in a 1:3 ratio 
Whilst loading and selectivity are key to assessing the extractive ability of a new ligand 
system, stripping characteristics are also very important. It is essential that copper(H) 
can be removed from the extractant chelate in order for it to be isolated and the 'pH-
swing' equilibrium maintained. 
OH N 
OH 
Figure 4.37: Structure of commercial ketoxime. 
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Stripping of copper(n) from the ligand system of 3d (Figure 2.1) and 4 (Figure 4.1) in a 
1:3 ratio was investigated since it showed the most reasonable selectivity for copper(fl) 
over iron(ffl). The stripping charactenstics were comparea to me coijiiiicz.iai LUAIIII 
(Figure 4.37), which extracts copper(II) in complexes with a 2:1 ligand to metal ratio, 
similar to P50 oxime (Figure 1.4). However, the ketoxime is a weaker extractant than 
P50 oxime and was chosen as a standard due to its ability to load and strip copper(II) in 
the absence of a modifier. 
Standard procedures to test the stripping ability of new ligand systems have been 
prepared by Cytec Metal Extractants. The ability of the ligand systems loaded with 
copper(ll) in chloroform at 0.05 mol dm 3  to strip into aqueous feeds containing 30 g l' 
of copper(H) and 150 g l' sulfuric acid was investigated. A high concentration of 
copper(H) in the aqueous stripping solution is essential for transport efficiency and 
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Figure 4.38: Comparison of copper(fl) stripping from 3d with 4 in a 1:3 ratio and commercial 
ketoxime. 
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Copper(n) complexes of both ligand systems were made as described in Section 5.4.2. 
Four stripping experiments for each ligand system were performed in which the ratio of 
the volumes of the aqueous to organic solutions was varied from 1:1 to 1:4 to 1:9 and to 
1:13. The four systems were stirred for 16 hours before the concentration of copper(II) 
in both the aqueous and organic phases was measured by ICP-OES. Further details of 
the experimental methodology are given in Section 5.3.8. 
Stripping isotherms obtained by plotting the concentration of copper(H) in the aqueous 
phase against the concentration of copper(H) in the organic phase are shown in Figure 
4.38. The isotherms show that copper(I1) is more easily stripped from the ketoxime than 
from 3d in conjunction with 4, since the steepness of the isotherm is greater for the 
ketoxime. 
4.9 Conclusions and future work 
The work presented in this chapter demonstrates the beneficial effects on copper 
extraction of the addition of simple neutral non-chelating auxiliary ligands to the 
tridentate hydrazone and pyrazolone ligands described in Chapters 2 and 3. 
Two types of auxiliary ligand were considered, an alkyl oxime 4 and a simple 
pyrazolone 6b (Figure 4.1). Both were expected to disrupt the formation of all possible 
dinuclear complexes producing mononuclear complexes with a Cu:L:L' ratio. In 
addition the added synergists were expected to preferentially coordinate to copper(H) in 
conjunction with 3f instead of water. 
Extraction-EPR studies showed that the addition of 4 to hydrazones 3c-3f in a 3:1 excess 
resulted in the direct formation of the proposed mononuclear paramagnetic complexes 
[Cu(3i-2H)4]. This was deduced from loading that could only be attributed to the 
formation of complexes with a 1:1 3x to copper(H) ratio and the steady increase of an 
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EPR signal with increase in copper(H) loading. Addition of 4 was seen to significantly 
reduce the pH, values from those noted for the respective binary systems discussed in 
Chapter 2 and therefore increase the extractant strength. The lowest pHi j was noted for 
3d, which was attributed to the formation of a three centre hydrogen bond (D, Figure 
4.11) unavailable with 3c, 3e and 31. pH', values for 3c, 3e and 31 increase with 
increasing alkyl bulk at the position X (C, Figure 4.11), which is consistent with the 
possibility of increasing unfavourable inter-ligand interactions in the complexes. 
Similar results were obtained for 9d in a 1:3 ratio with 4, however the addition of 4 did 
not result in a significant reduction in the pH observed for the binary system of 9d. 
Addition of 4 in 1:1 molar quantities with 3d resulted in an increase in the pH' & from the 
1:3 systems, indicating a decrease in the extractant strength of 3d with a lower 
concentration of 4. In the absence of an excess of 4, formation of complexes 
incorporating both syn and anti isomers of 4 occurs. This is reflected in the nitrogen 
coupling constants which show a greater variation than those reported for 3c-3f in a 1:3 
ratio with 4. In the anti isomer of D (Figure 4.22), 4 may be more weakly coordinated to 
the copper(H) centre due to unfavourable inter-ligand interactions, which reduces the 
overall coupling constant for the syn and anti nitrogen donors of 4. In contrast, the 
coupling constant attributed to the nitrogen donor of 3d is raised, suggesting 3d is more 
strongly coordinated to compensate. 
Addition of 6b in a 1:1 ratio with 3c and 3d resulted in the formation of mononuclear 
paramagnetic complexes of the type [Cu(3i-2H)6b] (H, Figure 4.14). This was also 
indicated by combined loading and EPR results which suggested formation of 
paramagnetic complexes with a I : I 3x to 6b ratio. The addition of 6b resulted in a 
reduction of the pH,/,values observed for the respective binary systems to approximately 
the same values recorded for additions of 4 in 3:1 ratios to 3c and 3d. 
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The rupture of dinuclear complexes was also observed in the solid state. The crystal 
structure of a species isolated from a methanolic solution of the complex [Cu2(3b-2H)2] 
(E or F, Figure 2.15) containing a small amount of pyridine, revealed a five coordinate 
ternary complex incorporating both solvates [Cu(3b-2F1)(Py)(MeOH)1 (Figure 4.16). 
The ligand system of 3d in a 1:3 ratio with 4 showed the best selectivity for copper(H) 
over iron(III) in comparison to the binary 3d system and 3d in a 1:1 ratio with 6b, of 
which the latter demonstrated considerable iron(HI) loading. The system of 3d in a 1:3 
ratio with 4 also showed stripping potential, however this was less effective than 
stripping of a commercial ketoxime. 
Overall the addition of auxiliary ligands to the binary extraction systems of 9d and 3c-
3f, significantly improves their extractant strength. The lower pH1, values for all 
systems suggest that the resulting ternary complexes incorporating 4 and 6b are more 
stable than the complexes formed in the binary systems. In the case of 3d these pH 
values lie close to the range accepted for commercial extractants. However copper 
mass-transfer is not greatly increased through the addition of auxiliary ligands and in 
fact is reduced from that of commercial oximes as the relative molecular mass of the 
tridentate ligand increases. 
Despite the practical downfalls reported here, the introduction of auxiliary ligands to 
tridentate extraction systems could prove to be a versatile method of extracting 
copper(n) and other metals. By changing the auxiliary ligand, the selectivity and 
strength of whole system could be altered. Rational design of simple molecules that fit 
like a lock and key into the coordination set of specific tridentates allows for the ligand 
systems to be tuned depending on the extraction capacities required. 
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5.1 Instrumentation 
Elemental analysis was performed on a CE440 elemental analyser. Due to unresolved 
technical difficulties, elemental analysis has proven an unreliable method for 
determining purity. The service provided inconsistent data even when the same sample 
was resubmitted for analysis. In general the determined carbon and nitrogen content 
were lower than calculated for the pure compounds. In several cases lower than 
expected carbon content was associated with higher hydrogen content. Normally such 
an observation can be attributed to the sample containing water and subject to having 
evidence from other sources, e.g. IR spectra, it is appropriate to estimate the water 
content to best fit the data. However, given the irreproducibility of the service there is 
no scientific justification for doing this. The characterisation and purity of compounds 
reported below is based on spectroscopic data and in the case of metal complexes on the 
metal contents obtained from ICP-OES. 
Melting points were determined with a Gallenkamp apparatus and are uncorrected. IR 
spectra were obtained on a JABCO FTIR-460 plus or a JABCO FTIR-4 10 spectrometer 
as potassium bromide discs or between potassium bromide cells. UV-VIS spectra were 
obtained on a Perkin Elmer Lambda UV / VIS / NIR spectrometer. Extinction 
coefficients () are reported in units of mol d dm3 cm'. 'H and 13C NMR spectra were 
run on Bruker WP200, ARX 250, AC250 and Advance DPX360 spectrometers. 
Chemical shifts (ö) are reported in parts per million (ppm) relative to residual solvent 
protons as internal standards. Electron impact (El) mass spectra were obtained on a 
Kratos Profile spectrometer. Fast atom bombardment (FAB) mass spectra were obtained 
on a Kratos MS50TC spectrometer. Electrospray ionisation (ES) mass spectra were 
obtained on a Thermoquest LCQ spectrometer. ICP-OES was carried out using a 
Thermo Jarrell Ash IRIS inductively coupled plasma optical emission spectrometer. 
The measurement of pH was carried out using a Fischer Scientific AR50 pH meter. X-
band EPR data were recorded on an X-band Bruker ER 200-D SRC spectrometer 
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connected to a datalink 486DX desktop PC running EPR acquisition system version 
2.42. A quartz flat cell was used. g values are referenced to dpph (+ 0.0508). 
5.2 Solvent and chemical treatment 
All commercially available materials and those supplied by Cytec Metal Extractants 
were used as received. General laboratory solvents were of analytical reagent grade, 
laboratory reagent grade or HPLC grade. Solvents used for analytical purposes were of 
spectroscopic grade. Water used to make aqueous stock solutions was of high purity, 
purified using a Milli-Q® water purification system. 
5.3 Solvent Extraction Experiments 
5.3.1 Preparation of glassware 
All glassware and equipment such as screw cap jars, volumetric flasks (grade A), 
pipettes (grade A and B), separating funnels, beakers and stirrer bars intended for the 
preparation of solvent extraction points were soaked in a concentrated solution of Decon 
90 detergent for 24 h prior to use. They were rinsed thoroughly using tap water and 
acetone, drying upturned overnight. 
5.3.2 Preparation of ICP-OES 
The ICP-OES instrument was calibrated using a series of four standard copper(II) 
solutions, typically 10 ppm, 30 ppm, 60 ppm and 90 ppm, diluted from a commercial 
Specpure oil based standard containing 1000 p.g/g copper using butan-l-ol. Butan-1-ol 
was also used as a blank reference. The calibration produced a straight line graph, the 
gradient of which is dictated by the position of the individual points created by each 
standard. The accuracy of the calibration can be quantified by accounting the degree of 
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deviation of each standard point from the straight line. Similar calibrations using an 
aqueous based copper standard and both oil and aqueous based iron standards were also 
made when appropriate. 
5.3.3 Preparing binary hydrazone extraction systems (Chapter 2) 
Extractions of copper(II) were carried out using chloroform solutions of 3c, 3d, 3e and 
31 at concentrations of 0.05 mol dm 3 , in conjunction with aqueous solutions of 
copper(II) sulfate at concentrations of 0.0625 mol dm -3 . The extractions were carried out 
using a volume ratio of 5 ml of organic feed to 5 ml of aqueous feed. The aqueous 
solution was prepared from 4 ml of the stock copper(1I) sulfate solution to which was 
added 1 ml of sodium hydroxide/water or sulfuric acid/water solution to deprotonate or 
re-protonate a percentage of the ligand as shown in Table 5.1 for the S-curve for 3d. 
Sodium hydroxide was used at a concentration of I mol dm 3, whilst sulfuric acid was 
used at 2.5 mol dm 3 . 
Table 5.1: Extraction points' for 3d 
Point Volume of water 
(ml) 
Volume of NaOH 
(ml) 
Volume of H2SO4 
(ml) 
95% deprotonation 0.525 0.475 0 
92% deprotonation 0.540 0.460 0 
85% deprotonation 0.575 0.425 0 
75% deprotonation 0.625 0.375 0 
70% deprotonation 0.650 0.350 0 
65% deprotonation 0.675 0.325 0 
60% deprotonation 0.700 0.300 0 
55% deprotonation 0.725 0.275 0 
45% deprotonation 0.775 0.225 0 
40% deprotonation 0.800 0.200 0 
35%deprotonation 0.825 0.175 0 
25%deprotonation 0.875 0.125 0 
10% deprotonation 0.950 0.050 0 
No change 1 0 0 
50% re-protonation 0.900 0 0.1 
100% re-protonation 0.800 0 0.2 
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The extraction mixtures were prepared in sealed glass bottles with magnetic stirrer bars 
and stirred vigorously for 16 h at room temperature to ensure equilibrium had been 
reached. The mixtures were allowed to separate and samples of the organic phase (0.2 
ml) were taken into 10 ml volumetric flasks, the chloroform removed in vacuo and 
solutions of the residues made to volume using butan-1-ol. These samples were 
analysed for copper content by ICP-OES using a commercially available copper 
standard as a reference. The equilibrium pH of the aqueous phase was measured for 
each extraction point and plotted against the calculated percentage copper(II) uptake into 
the organic phase to give the S-curves. 
5.3.4 Preparing binary pyrazolone extraction systems (Chapter 3) 
Extractions of copper(II) were carried out by taking sufficient 9d in chloroform to give a 
'solution' of concentration 0.01 mol dm 3 . As 9d has negligible solubility in chloroform, 
it was added to the extractions as a solid as a third phase. The extractions were carried 
out at a volume ratio of 20 ml of organic phase to 20 ml aqueous phase and enough solid 
9d was added to each extraction mixture to enable the formation of a 0.01 mol dm 3 
solution if the ligand did dissolve in chloroform (in practice this occurred via formation 
of the more chloroform-soluble copper complex). 3.2 ml of the aqueous phase was 
made up from aqueous 0.0625 mol dm 3 copper(II) sulfate, which provided one mole of 
copper(n) for every mole of 9d. The remaining 16.8 ml of aqueous feed was made up 
from combinations of water/sodium hydroxide or water/sulfuric acid, which were 
intended to deprotonate or re-protonate a certain percentage of 9d. Sodium hydroxide 
was used at a concentration of 1 mol dm 3, whilst sulfuric acid was used at 2.5 mol dm -'. 
Details of the extraction points used to obtain the S-curve for 9d are shown in Table 5.2. 
Again the extraction mixtures were stirred vigorously for 16 h at room temperature, 
before being set aside to separate. Samples of the organic phase (2 ml) were taken into 
10 ml volumetric flasks, the chloroform removed in vacuo and the residues made up to 
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volume in butan-1-ol. The copper content of the solutions was analysed by ICP-OES 
and calculated percentages of copper(II) extracted were plotted against the equilibrium 
pH of the aqueous phases to give the S-curves. 
Table 5.2: Extraction 'points' for 9d 












90% deprotonation 0.063 16.44 0.36 0 
75% deprotonation 0.064 16.50 0.30 0 
70% deprotonation 0.064 16.52 0.28 0 
65% deprotonation 0.063 16.54 0.26 0 
60% deprotonation 0.064 16.56 0.24 0 
45% deprotonation 0.063 16.62 0.18 0 
35% deprotonation 0.063 16.66 0.14 0 
25%deprotonation 0.063 16.70 0.10 0 
101/6 deprotonation 0.063 16.76 0.04 0 
12.5% re-protonation 0.063 16.76 0 0.04 
25%re-protonation 0.063 16.72 0 0.08 
37.5% re-protonation 0.064 16.68 0 0.12 
501/6 re-protonation 0.063 16.64 0 0.16 
75% re-protonation 0.063 16.56 0 0.24 
100% re-protonation 1 	0.064 16.48 0 0.32 
5.3.5 Preparing ternary systems (Chapter 4) 
Stock solutions of 3c, 3d, 3e and 3f were made in chloroform at 0.05 mol dm 3. When 4 
was used in a 1:1 ratio with 3d, the stock solution also contained 4 at a concentration of 
0.05 mol dm 3 . When 4 was used in a 1:3 ratio with 3c, 3d, 3e and 3f, the stock solution 
contained 4 at a concentration of 0.15 mol dm 3 . The extractions were carried out at a 
volume ratio of 5 ml organic feed to 5 ml aqueous feed. 4 ml of 0.0625 mol dm 3 
copper(II) sulfate solution was added to each extraction mixture, which provided one 
mole of copper(II) for every mole of hydra.zone ligand available. The remaining I ml of 
aqueous feed was made up of combinations of water/sodium hydroxide or water/sulfuric 
acid as before to adjust the pH. Sodium hydroxide was used at a concentration of I mol 
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dm 3, whilst sulfuric acid was used at 2.5 mol dm 3 . Details of the extraction points used 
to obtain the S-curve for 3d in a 1:1 ratio with 4 are shown in Table 5.3. 
For extractions involving 9d in a 1:3 ratio with 4, solid 9d was added to the mixtures as 
described in Section 5.3.4. A stock solution of 4 was prepared at 0.03 mol dm -' in 
chloroform and was added to the extractions in a 20 ml: 20 ml ratio with the aqueous 
feed. The aqueous feed contained 3.2 ml of 0.0625 mol dm-3 copper(n) sulfate together 
with combinations of water/sodium hydroxide or water/sulfuric acid to adjust the pH. 
Sodium hydroxide was used at a concentration of 1 mol dm 3, whilst sulfuric acid was 
used at 2.5 mol dm 3 . Details of the extraction points used to obtain the S-curve for 9d 
in a 1:3 ratio with 4 are shown in Table 5.4. 
Table 5.3: Extraction points' for 3d in a 1:1 ratio with 4 






Volume of H2SO4 
(ml) 
92% deprotonation 0.540 0.460 0 
85% deprotonation 0.575 0.425 0 
75% deprotonation 0.625 0.375 0 
65% deprotonation 0.675 0.325 0 
60% deprotonation 0.700 0.300 0 
55% deprotonation 0.725 0.275 0 
45% deprotonation 0.775 0.225 0 
40% deprotonation 0.800 0.200 0 
35%deprotonation 0.825 0.175 0 
25%deprotonation 0.875 0.125 0 
10% deprotonation 0.950 0.050 0 
No change 1 0 0 
12.5% re-protonation 0.975 0 0.025 
25% re-protonation 0.950 0 0.050 
37.5% re-protonation 0.925 0 0.075 
150% re-protonation 0.700 0 0.300 
175% re-protonation 0.650 0 0.350 
200% re-protonation 0.600 0 0.400 
250% re-protonation 0.500 0 0.500 
300% re-protonation 0.400 0 0.600 
400% re-protonation 0.200 0 0.800 
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Extractions with 6b in a 1:1 ratio with 3c and 3d were carried out using a 5 ml: 5 ml 
organic to aqueous volume ratio. 6b was added as a solid in sufficient quantities that 
would provide a 0.05 mol dm-3  solution in 5 ml of chloroform. 5m1 of 0.05 mol dm -3 3c 
or 3d were added to the extraction mixtures from stock solutions made in chloroform. 
The aqueous phases were made from 4 ml of 0.0625 mol dm 3 copper(I1) sulfate and I 
ml combinations of water/sodium hydroxide (1 mol dm -3) or water/sulfuric acid (2.5 or 5 
mol dm 3) to adjust the pH. Details of the extraction points used to obtain the S-curve 
for 9d in a 1:3 ratio with 4 are shown in Table 5.5. 
Table 5.4: Extraction points' for 9d in a 1:3 ratio with 4 












70% deprotonation 0.063 16.52 0.28 0 
55% deprotonation 0.063 16.58 0.22 0 
25% deprotonation 0.064 16.70 0.10 0 
10% deprotonation 0.063 16.76 0.04 0 
No change 0.063 16.8 0 0 
25% re-protonation 0.064 16.76 0 0.04 
50% re-protonation 0.063 16.72 0 0.08 
75% re-protonation 0.063 16.68 0 0.12 
100% re-protonation 0.064 16.64 0 0.16 
150% re-protonation 0.064 16.56 0 0.24 
200% re-protonation 0.064 16.48 0 0.32 
300% re-protonation 0.063 16.32 0 0.48 
400% re-protonation 0.064 16.16 0 0.64 
500% re-protonation 0.063 16.00 0 0.80 
As with previous extractions, the mixtures were stirred vigorously for 16 h at room 
temperature before being set aside to separate. Samples of the organic phases (0.2 ml 
for 3c-31 in a 1:3 ratio with 4 and 3c-3d in a 1:1 ratio with 6b. 2m] for 9d in a 1:3 ratio 
with 4) were taken into 10 ml volumetric flasks and the chloroform removed in vacuo. 
Solutions of the residues were made up to volume in butan-1-ol and their copper content 
was analysed using ICP-OES. The calculated percentages of copper(n) extracted were 
plotted against the equilibrium pH of the aqueous phases to produce the S-curves. 
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Table 5.5: Extraction 'points' for 3d in a 1:1 ratio with 6b 









Volume of H2SO4 
(ml) 
92% deprotonation 0.032 0.540 0.460 0 
85% deprotonation 0.032 0,5 75 0.425 0 
75% deprotonation 0.032 0.625 0.375 0 
55% deprotonation 0.032 0.725 0.275 0 
No change 0.033 1 0 0 
37.5% re-protonation 0.032 0.925 0 0.075 (2.5 mol dm 3) 
50% re-protonation 0.033 0.900 0 0.100 (15 mol dm 3 ) 
200% re-protonation 0.032 0.600 0 0.400 (2.5 mol dm 3) 
300% re-protonation 0.033 0.400 0 0.600 (2.5 mol dm 3) 
4001/6 re-protonation 0.032 0.200 0 0.800 (2.5 mol dm 3) 
500% re-protonation 0.032 0 0 1.000 (2.5 mol dm 3 ) 
700% re-protonation 0.033 0.300 0 0.700 (5.0 mol dm 3 ) 
800% re-protonation 0.032 0.200 0 0.800 (5.0 mol dm 3) 
10001/6 re-protonation 0.032 0 0 1.000 (5.0 mol dm 3) 
5.3.6 EPR analysis 
Once loading had been determined by ICP-OES (Sections 5.3.3-5.3.5), a number of 
points, usually eight, that represented an even distribution between the highest and 
lowest copper(II) extractions, were selected for EPR analysis. Samples from both the 
organic and aqueous phases were analysed and these were taken directly from the 
freshly separated extraction experiments. Each spectrum was recorded with a 
modulation of 4, the variable parameters used for each ligand system are shown in Table 
5.6 and Table 5.7. 
Signal peak heights were used to determine the copper content of both aqueous and 
chloroform solutions by first calculating the signal peak height per mole of copper(II). 
This was determined for aqueous solutions from samples of known concentration and 
for chloroform solutions from highly loaded samples for which copper(I1) concentrations 
had previously been measured by ICP-OES analysis. The peak heights measured in the 
3 
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signals obtained from chloroform solutions were those observed at greatest magnetic 
field. 
















3c 3300 700 80000 9.71 34 500 
3d 3000 700 8000 9.72 34 500 
3e 3300 700 80000 9.71 34 500 
3f 3300 6000 125000 9.71 32 100 
9d 3300 700 125000 9.71 32 500 
1:1 3d:4 3300 700 8000 9.71 32 500 
1:33c:4 3300 700 8000 9.71 33 500 
1:33d:4 3300 700 8000 9.71 34 500 
1:33e:4 3300 700 8000 9.71 32 500 
1:33f:4 3300 700 6300 9.71 32 500 
1:3 9d:4 3300 700 80000 9.71 32 500 
1:1 3c:6b 3300 700 4000 9.71 32 500 
1:1 3d:6b 3300 700 4000 9.71 32 500 
















3c 3100 800 12500 9.71 32 100 
3d 3100 800 12500 9.71 32 100 
3e 3100 800 12500 9.71 32 100 
317 3100 800 12500 9.71 33 100 
9d 3100 800 50000 9.71 32 100 
1:1 3d:4 3100 800 12500 9.71 32 100 
1:33c:4 3100 800 12500 9.71 32 100 
1:33d:4 3100 800 12500 9.71 32 100 
1:33e:4 3100 800 12500 9.71 32 100 
1:331:4 3100 800 12500 9.71 32 100 
1:39d:4 3100 800 50000 9.71 32 100 
1:1 3c:6b 3100 800 12500 9.71 32 100 
1:1 3d:6b 3100 800 12500 9.71 32 100 
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5.3.7 Selectivity of copper(u) over iron(m) 
A stock solution of 3b in a 1:3 ratio with 4 was made at concentrations of 0.05 mol dm -3 
and 0.15 mol dm-3  in chloroform respectively. A mother stock solution was prepared at 
0.05 mol dm 3  in chloroform for ligand system 1:1 3b:6b, in which ligand 6b was added 
in molar quantities as a solid. An aqueous solution of iron(III) sulfate at a concentration 
of 0.0208 mol dm 3, which would allow all the iron(HI) in the system to be complexed 
by the tridentate ligand 3b as an octahedral complex, in a 3:1 ligand to metal ratio, was 
also prepared. The extractions were carried out with equal volumes of aqueous and 
chloroform solutions using 5 ml of a stock ligand solution and 4 ml of the aqueous 
iron(III) sulfate solution. The final 1 ml of the aqueous feed was made up with 
combinations of water/sodium hydroxide (1 mol dm 3) or water/sulfuric acid (2.5 mol 
dm 3 and 5 mol dm 3) and water to adjust pH. 
The extraction contacts were stirred vigorously for 16 h and allowed to separate before 
0.8 ml samples of the chloroform solutions were taken into 10 ml volumetric flasks. The 
chloroform was removed in vacuo and the residue dissolved to volume in butan-1-ol. 
These solutions were analysed for iron content using ICP-OES. From this data, the 
percentage of iron loaded into the organic phase was calculated, which was plotted 
against the equilibrium pH of the aqueous phase to produce an S-curve. 
5.3.8 Stripping Isotherms 
A copper(I1) complex of ternary system 1:3 3d:4 was prepared and used to make a stock 
solution at 0.05 mol dm -3  in chloroform. A stock aqueous stripping solution containing 
30 g 1 1  copper(II) sulfate and 150 g I sulfuric acid was also prepared. A series of four 
stripping experiments were set up with aqueous to organic phase volume ratios of 1:1, 
1:4, 1:9 and 1: 13, were one equivalent is equal to 5 ml. For example an extraction with 
a 1:4 ratio contained S ml of the aqueous stripping solution and 20ml of stock ligand 
solution. The mixtures were stirred vigorously for 16 h and allowed to separate before 
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samples of 0.2 ml and 0.025 ml, of the organic and aqueous phases respectively, were 
taken into 10 ml volumetric flasks. The chloroform was removed in vacuo from the 
organic samples and solutions of the residues made up to volume in butan-1-ol. The 
aqueous samples were diluted to 10 ml using high purity water. 
The organic and aqueous samples were analysed for their copper content by ICP-OES 
and a graph of the concentration of copper in the aqueous phase against the 
concentration of copper in the organic phase was plotted. 
This method was repeated for the copper(II) complex of 2-hydroxy-5-nonyl-
acetophenone, which represents the active ingredient in many commercial 'ketoxime' 
reagents,' to generate a stripping isotherm similar to that for the system of 3d in a 1:3 
ratio with 4. A sample of 2-hydroxy-5-nonyl-acetopheflofle was obtained from Cytec 
Metal Extractants. 
5.4 Preparation of Hydrazones 
5.4.1 Free Ligands 
2-Llydroxy-5-tert-butyl-beflzaldehYde 2a 
OH 0 
The preparation followed the method of Aldred et al.2 Magnesium raspings (7.30 g, 
0.30 mol), methanol (142 ml), toluene (56 ml) and magnesium methoxide (1.60 g of an 
8% w/w solution in methanol) were stirred at reflux for 2 h until all the magnesium had 
dissolved and evolution of hydrogen had ceased. 4-ter/-Butylphenol la (75.1 g, 0.50 
mol) was added and after the mixture had been heated at reflux for 1 h, toluene (120 ml) 
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was added and the methanol-toluene azeotrope removed by distillation at reduced 
pressure until the temperature became constant. A slurry of paraformaldehyde (45.0 g, 
1.5 mol) in toluene (75 ml) was added over 50 min to the reaction with concurrent 
removal of volatile products by distillation at reduced pressure. Heating was continued 
for 2 h and when the reaction mixture had become very thick, it was allowed to cool to 
25 °C. 20% sulfuric acid (625 ml) was added slowly and the mixture heated at 50 °C for 
2 h when the thick toffee-like material had dispersed evenly. The mixture was allowed 
to separate and extracted with toluene (2 x  115 ml). The combined organic layers were 
washed with 10% sulfuric acid (50 ml), water (50 ml) and dried over anhydrous 
magnesium sulfate. The solvent was removed in vacuo to yield the crude aldehyde as a 
pale yellow oil, which was partially purified via column chromatography using 20:1 
hexane: ethyl acetate (Rf = 0.48) to give 2-hydroxy-5-tert-butyl-benzaldehyde (56.1 g, 
63%); (Found: C, 67.7; H, 7.3. C 11 H1402 requires: C, 74.1; H, 7.9%), 6H (CDC13) 10.99 
(s, I  OH), 9.94 (s, I  CH=O), 7.65 (dd, IH, 3J = 9.8 Hz, Ar-if), 7.60 (d, 1H, 4J = 2.5 
Hz, Ar-H), 6.99 (d, 1H, 3J = 9.8 Hz, Ar-H), 1.36 (s, 9H, C(CH3)3); oc (CDCI3) 196.4 
(CH=O), 159.1 (Ar-C), 142.3 (Ar-CC(CH3)3), 134.3 (Ar-CH), 129.4 (Ar-CH), 119.7 
(Ar-C), 116.9 (Ar-CH), 33.4 (C(CH3)3), 31.2 (C(CH3)3); v,/cm' (KBr cell) 3195 (O-
H), 2747-2963 (C-H), 1656 (C=O); A. /nm (CHCI3) 341 (3383), 262(11886); m/z 179 
(MW). 
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2-Hydroxy-5-tert-butyl-benzlaldehyde-octanoylhydrazone 3a 
OH N`11 NH 
7 15 
A solution of 2-hydroxy-5-Iert-butyl-benzaldehyde 2a (10.0 g, 56 mmol) and octanoic 
hydrazide (8.91 g, 56 mmol) in methanol (100 ml) was stirred at reflux for 16 h. The 
reaction was allowed to cool to room temperature and the solvent removed in vacuo. 
The resulting solid was recrystalised from hexane to give 2-hydroxy-3-nitro-5-tert-butyl-
benzaldehyde-octanoy1hydrazone as white crystals. Single crystals of 3a were obtained 
via the diffusion of petroleum ether (bp 40-60 °C) into a chloroform solution of the 
ligand (14.3 g, 80%); mp 74-75 °C; (Found: C, 71.6; H, 9.6; N, 9.0. C19H30N202 
requires: C, 71.7; H, 9.5; N, 8.8%); 5H  (CDC13) 10.58 (s, 1H, NH), 10.20 (s, IH, Ar-
OH), 8.01 (s, IH, CH=N), 7.34 (dd, 3J = 8.6 Hz, 4J = 2.4 Hz, Ar-H), 7.21 (d, 41 = 2.4 
Hz, 1H, Ar-H), 6.92 (d, 3J = 8.6 Hz, 1H, Ar-H), 2.64 (t, 2H, C=0CH2C6H1 3), 0.86-2.28 
(m, 23H, C(CH3)3, C=OCH2C6H13); 6c (CDC1 3) 175.8 (CH-0), 155.3 (Ar-C), 148.1 
(CH=N), 142.2 (Ar-CC(CH3)3), 127.5 (Ar-CH), 128.8 (Ar-CH), 116.6 (Ar-C), 116.2 
(Ar-CH), 34.7 (C=0CH2C6H13), 33.8 (C(CH3)3), 32.8 (C=OCH2CH2C5H1 1), 31.1 
(C(CH3 )3), 28.9 (C=OC2H4CH2C4H9), 25.5 (C=OC3H6CH2C3H7), 24.4 
(C=OC4H8CH2C2H), 22.3 (C=005H10CI-12CH3), 13.8 (C=OC6H1 2CH3); V./CM-1  (KBr 
disc) 3189 (0-H), 3082 (N-H), 2855-2959 (C-H), 1669 (C=O), 1624 (C=N), 1557 (N-
H), 1263 (C-N); A. mm (CHC13) 329 (6875), 291 (17055), 281 (18798); m/z 319 
(MIfl. 
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Nitric acid (7.0 ml, 160 mmol) was added drop wise to a solution of 2-hydroxy-5-tert-
butyl-benzaldehyde 2a (25.2 g, 140 mmol) in glacial acetic acid (25 ml) at 0 °C. The 
mixture was stirred at 55 °C for 16 h, cooled to room temperature and the thick mother 
liquors were decanted from the bright yellow solid, which was washed with 50:50 
hexane: diethyl ether. Recrystalisation from hexane gave 2-hydroxy.-3-nitro-5-tert-bUIYI-
benzaldehyde (10.4 g, 33%); mp 82-84 °C; (Found: C, 58.7; H, 5.7; N, 6.4. C 11H13N04 
requires: C, 59.2; H, 5.9; N, 6.3%); tH (CDCI3) 11.22 (s, 1H, Ar-OH), 10.38 (s, 1H, 
CH=O), 8.31 (d, 4J= 2.6 Hz, IH, Ar-H), 8.12 (d, 4J = 2.6 Hz, IH, Ar-H), 1.33 (s, 9H, 
C(CH3)3); ôc (CDCI3) 189.3 (CHO), 154.4 (Ar-C), 143.3 (Ar-C), 134.6 (Ar-CC(CH3)3), 
134.2 (Ar-CH), 127.8 (Ar-CH), 124.8 (Ar-C), 34.4 (C(CH3)3), 30.8 (C(CH3)3); v/cm 1 
(KBr disc) 3257 (0-11), 2761-2958 (C-H), 1677 (C=O); A mm (CHCI3) 358 (7191), 




A solution of 2hydroxy3nitro-5-tert-butYl-benZaldehYde 2b (2.48 g, 11 mmol) and 
octanoic hydrazide (1.41 g, 8.9 mmol) in methanol (200 ml) was stirred at reflux for 16 
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h. The mixture was allowed to cool to room temperature and the solvent removed in 
vacuo to give an orange solid, which was recrystalised from heptane to give 2-hydroxy-
3nitro5terI-butyl_benzaldehyde-octanOYlhYdraZOfle. Single crystals of 3b were 
obtained via the diffusion of hexane into a chloroform solution of the ligand (2.80 g, 
86%); mp 150-153 °C; (Found: C, 61.9; 11, 7.8; N, 11.2. C 19H29N304 requires: C, 62.8; 
H, 8.0; N, 11.6%); 5H  (CDCI3) 10.96 (s, 11-I, Ar-OH), 9.51 (s, IH, CH=N), 8.17 (s, 111., 
Ar-H), 8.11 (m, 1H1 Ar-H), 2.73 (t, 2H, C=0CH2C6H13), 0.83-2.16 (m, 23H, C(CH3)3, 
C=OCH2CdJ13); 5c (CDC13) 176.3 (CH=O), 150.9 (Ar-C), 143.1 (Ar-C), 138.6 (CH=N), 
134.4 (Ar-CC(CH3)3), 131.4 (Ar-CH), 123.3 (Ar-C), 123.0 (Ar-CH), 34.4 (C(CH3)3), 
32.8 (C=0CH2C6H13), 31.6 (C=OCH 2CH2C5H11), 30.9 (C(CH3)3), 29.3 
(C=OC2H4CH2C4H9), 28.9 (C=OC 3H6CH2C3H7), 24.7 (C=OC 4H5CH2C2H5), 22.5 
(C=005H 1 0CH2CH3), 13.9 (C=OC&H12CH3); v/cm (KBr disc) 3179 (0-H), 3095 (N-
H), 2853-2956 (C-H), 1669 (C=O), 1625 (C=N), 1585 (N-H), 1268 (C-N); A mm 
(CHC13) 358 (5332), 274 (23648), 220 (16811); m/z 364 (MW). 
2-Hydroxy-5-nonyl-benzaldehyde 2c 
OH 0 
2-Hydroxy-5-nonyl-benzaldehyde was prepared in a similar manner to 2-hydroxy-5-tert-
butyl-benzaldehyde, using 4-nonylphenol lb (112 g, 0.51 mol). 2 The crude product was 
obtained as a pale yellow oil, which was partially purified via column chromatography 
using 20:1 hexane: ethyl acetate (R t- = 0.51) to give 2-hydroxy-5-nonyl-benzaldehyde 
(82.1 g, 65%); (Found: C, 78.1; H, 10.0. C 1 6H2402 requires: C, 77.4; H, 9.7%); 5ji 
(CDCI3) 11.12 (s, 1H, Ar-OH) 10.11 (s, 111. CH=0), 7.68 (in, 2H, Ar-H), 7.15 (d, 3J = 
8.7 Hz, 1H, Ar-H), 0.72-2.00 (m, 1911, C 9H1 9); öc (CDC13) 196.6 (CH=0), 159.1 (Ar-C), 
139.1-141.8 (Ar-CC9H19), 134.7-135.5 (Ar-CH), 130.3-131.2 (Ar-CH), 119.8 (Ar-C), 
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116.9 (Ar-CH), 8.3-52.0 (C9H19); v.../cm -1  (KBr cell) 3193 (0-H), 2732-2959 (C-H), 




A solution of 2-hydroxy-5-nonyl-benzaldehyde 2c (10.1 g, 41 mmol) and octanoic 
hydrazide (6.52 g, 41 mmol) in acetonitnle (150 ml) was stirred at reflux for 16 h. The 
mixture was allowed to cool to room temperature and the solvent removed in vacuo to 
give a dark brown, viscous oil. This was separated by column chromatography on silica 
using 80:20 hexane: ethyl acetate (Rf = 0.91) to yield 2-hydrory-5-nonyl-benzaldehyde-
octanoylhydrazone (12.8 g, 81%); (Found: C, 62.4; H, 8.7; N, 5.7. C24H40N202 requires: 
C, 74.2; H, 10.4; N, 7.2%); oH (CDCI3) 10.70 (s, 111, NH), 10.21 (s, IF!, Ar-OH), 8.01 
(s, 1H, CH=N), 7.21 (m, 2H, Ar-H), 6.91 (d, 3J = 8.6 Hz, Ar-H), 2.65 (t, 2H, 
CHOCH2C6H13), 0.48-1.75 (m, 32H, C9H19, CHOCH2C6H13); Oc (CDCI3) 176.1 
(CI-1=0), 155.2 (Ar-C), 148.4 (CHN), 139.0-141.7 (Ar-CC9H19), 128.3-130.2 (2Ar-
CH), 116.6 (Ar-C), 116.0 (Ar-CH), 8.4-51.5 (C 9H 19, C7H 1 5); v/cm' (KBr cell) 3203 
(0-H), 3055 (N-H), 2871-2957 (C-H), 1662 (C —O), 1625 (C=N), 1558 (N-H), 1277 (C-
N); A/nm(CHCl3) 330(11154), 292 (28862), 282 (31958); m/z 388 (M). 





Nitric acid (2.81 ml, 63 mmol) was added drop wise to a solution of 2-hydroxy-5-nonyl-
benzaldehyde 2c (10.0 g, 40 mmol) in glacial acetic acid (25 ml) at 0 °C. The mixture 
was stirred at 55 °C for 16 h and allowed to cool to room temperature. Excess acid was 
removed in vacuo with gentle heating to yield a bright yellow oil, which was purified via 
column chromatography using 80:20 hexane: diethyl ether (Rf = 0.59) to yield 2-
hydroxy-3-nitro-5-nonyl-benzaldehYde (10.5 g, 89%); (Found: C, 64.3; H, 7.8; N, 4.8. 
C 16H23N04 requires: C, 65.5; H, 7.9; N, 4.8%); (H (CDCI3) 11.16 (s, 111, Ar-OH), 10.27 
(s, III, CH=0), 8.15 (m, IH, Ar-H), 7.97 (m, 1H, Ar-H), 0.37-1.68 (m, 1911, C 9H19); 6c 
(CDC13) 189.2 (CH=O), 153.9 (Ar-C), 140.1-142.6 (Ar-CC9H19), 134.3-135.0 (Ar-CH), 
128.1-128.8 (Ar-CH), 124.5 (Ar-C), 124.3 (Ar-C), 8.0-50.6 (C9H19); v/cm' (KBr cell) 









A solution of 	 2d (7.01 g, 24 mmol) and 
octanoic hydra.zide (3.78 g, 24 mmol) in acetonitrile (200 ml) was stirred at reflux for 16 
h. The mixture was allowed to cool to room temperature and the solvent removed in 
Chapter 5: Experimental 
vacuo to give a dark brown, viscous oil, which was separated by column 
chromatography using 80:20 hexane: ethyl acetate (R1 = 0.42) to yield 2-hydroxy-3-
nitro5nonylbenzaldehyde-octanoylhYdraZOfle (10.2 g, 98%); (Found: C, 64.2; H, 8.8; 
N, 9.2. C24H39N304 requires: C, 66.5; H, 9.1; N, 9.7%); oH (CDC13) 10.97 (s, 1H, Ar-
OH), 10.07 (s, lI-I, NH), 8.2 (s, 1H, CH=N), 8.00 (m, 21-I, Ar-H), 2.73 (t, 2H, 
CHOCH2C61113), 0.68-1.74 (m, 32H, C9H19, CHOCH2C6H13); 0c (CDCI3) 176.1 
(CH=O), 150.6 (Ar-C), 144.5 (Ar-C), 139.5 (CH=N), 134.1-134.8 (Ar-CC9H19), 132.0 
(Ar-CH), 123.0-123.8 (Ar-CH), 122.0 (Ar-C), 7.9-43.8 (C 9H 1 9, C7H 1 5); v/cm' (KBr 
cell) 3205 (0-H), 3054 (N-H), 2872-2960 (C-H), 1669 (C=0), 1626 (C=N), 1533 (N-H), 





Preparation by Cytec Metal Extractants (Found: C, 78.0; H, 10.2. C 1 7H2602 requires: C, 
77.8; H, 10.0%); °H (CDC13) 11.32 (s, IH, Ar-OH), 10.03 (s, 1H, CH=O), 7.40-7.59 (m, 
2H, Ar-If), 2.45 (s, 3H, CH3), 0.67-1.92 (m, 191-I, C9H19); Oc (CDC13) 196.7 (CHO), 
157.6 (Ar-C), 138.6-140.7 (Ar-CC9H19), 135.8-136.5 (Ar-CH), 127.9-129.4 (Ar-CH), 
125.7 (Ar-C), 119.2 (Ar-C), 8.3-52.0 (C 9H19); v..,,/cm' (KBr cell) 3154 (0-H), 2739-
2960 (C-H), 1653 (C0); A m,,, /nm (CHC13) 349 (2419), 268 (10105); m/z 263 (MII-[). 
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A solution of 2hydroxy3methyl-5flOflYl-benZa1dehYde 2e (15.0 g, 57 mmol) and 
octanoic hydrazide (9.05 g, 57 mmol) in acetonitrile (200 ml) was stirred at reflux for 16 
h. The mixture was allowed to cool to room temperature and the solvent removed in 
vacuo to give a dark brown, viscous oil, which was separated by column 
chromatography using 80:20 hexane: ethyl acetate (R1 = 0.56) to yield 2-hydroxy-3- 
(17.8 g, 77%); (Found: C, 74.2; H, 
10.5; N, 6.8. C 25H42N202 requires: C, 74.6; H, 10.5;N, 7.0%); t5H (CDCI3) 11.10 (s, III, 
NJ!), 10.41 (s, 1H, Ar-OH), 8.04 (s, 1H, CHN), 6.89 (m, 2H, Ar-H), 2.68 (t, 2H, 
CHOCH2C6H13), 2.29 (s, 3H, CH3), 0.49-2.22 (m, 32H, C9H19, CHOCH2C6II3); 5c 
(CDC13) 175.8 (CHO), 151.2 (Ar-C), 148.8 (CHzN), 137.7-141.1 (Ar-CC9H19), 130.9-
131.1 (Ar-CH), 126.0-126.7 (Ar-CH), 124.8 (Ar-C), 115.9 (Ar-c), 8.4-41.2 (C 9H19, 
C7H15); v/cm' (KBr cell) 3201 (0-H), 3054 (N-H), 2858-2957 (C-H), 1661 (C0), 
1615 (CN), 1559 (N-H), 1271 (C-N); (CHC13) 335 (7064), 296 (24417), 286 
(27414); m/z403 (MW). 
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2-tert-Butyl-4-nonylphenol ic 
OH 
A mixture of 2-tert-butylphenol (151 g, 1.0 mol), nonene (mixed isomer) (126 g, 1.0 
mol) and fulcat clay (4.72 g, 3% by weight of 2-tert-butyl phenol) was stirred at 112 °C 
for 6 h and allowed to cool to room temperature. Excess 2-tert-butylphenol was 
removed by vacuum distillation and the residue was purified by column chromatography 
using 90:10 hexane: diethyl ether (Rf = 0.51) to give 2-tert-butyl-4-nonylphenol (160 g, 
58%); (Found: C, 81.1; H, 11.3. C19H320 requires: C, 82.6; H, 11.7%); 6H (CDCI3) 
6.84-7.17 (m, 2H, Ar-H), 6.45-6.50 (m, il-I, Ar-H), 0.41-1.71 (m, 28H, C 9H19, C(CH3)3); 
& (CDCI3) 151.3 (Ar-C), 139.4-142.7 (Ar-CC 9H19), 135.0 (Ar-C), 123.4-125.3 (2Ar-
Cl-I), 115.9 (Ar-CFI), 8.6-50.6 (C9H19, C(CH3)3); vIcm' (KBr cell) 3531 (0-I-I), 2871-
2958 (C-H); Amx  (CHC13) 283 (2269), 276 (2438); m/z 276 (M). 
2I(ydroxy3tert-butyl-5-nOflY1-beflZaIdehYde 2f 
The preparation followed the method of Aldred et al 
.2  Magnesium raspings (1.68 g, 69 
mmol), methanol (33 ml), toluene (13 ml) and magnesium methoxide (1.60 g of an 8% 
w/w solution in methanol) were stirred at refiux for 2 h and for a further 16 h at room 
temperature until all the magnesium had dissolved and evolution of hydrogen had 
ceased. 2-tert-Butyl-4-nonylphef101 ic (31.9 g, 120mmol) was added and the mixture 
heated at reflux for 1 h, when toluene (28 ml) was added and the methanol-toluene 
bi 
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azeotrope removed at reduced pressure until the temperature became constant. A slurry 
of paraformaldehyde (10.4 g, 350 mmol) in toluene (18 ml) was added over 50 min to 
the mixture with concurrent removal of volatile products at reduced pressure. Heating 
continued at for 2 h until the reaction mixture had become very thick. The reaction was 
allowed to cool to 25 °C and added slowly to 20% sulfuric acid (220 ml). The resulting 
mixture was stirred at room temperature for 16 h until the thick toffee-like material had 
dispersed. The mixture was extracted with toluene (2 x  115 ml) and the combined 
organic layers were washed with 10% sulfuric acid (50 ml), water (50 ml) and dried over 
anhydrous magnesium sulfate. The solvent was removed in vacuo to yield the crude 
aldehyde as a pale yellow oil, which was purified via column chromatography using 
99.5:0.5 hexane: diethyl ether (Rf = 0.40) to give 2-hydrory-3-tert-butyl-5-nonyl-
benzaldehyde (8.36 g, 24%); (Found: C, 74.2; H, 9.9. C20H3202 requires: C, 78.9; H, 
10.6%); oH (CDC13) 11.59 (m, 1H, Ar-OH), 9.74 (s, 1H, CH=O), 7.37-7.49 (m, 111,, Ar-
H), 7.11-7.24 (m, 1H, Ar-H), 0.46-1.68 (m, 28H, C9H19, C(CH3)3); ôc (CDCI3) 197.1 
(CHO), 158.9 (Ar-C), 138.0-139.9 (Ar-CC9H19), 137.3 (Ar-C), 132.0 (Ar-CH), 128.4-
129.7 (Ar-CH), 119.9 (Ar-C), 8.4-52.1 (C91119, C(CH3)3); v/cm' (KBr cell) 3301 (O-






A solution of 	 21 (3.48 g, 11 mmol) and 
octanoic hydrazide (1.81 g, 11 mmol) in heptane (150 ml) was stirred at reflux for 16 h. 
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The mixture was allowed to cool to room temperature and the solvent removed in vacuo 
to give a dark brown, viscous oil, which was separated by column chromatography using 
80:20 hexane: ethyl acetate, (Rr = 0.43), increasing to 70:30 hexane ethyl acetate (Rf = 
0.58) on elution of to yield 2-hydroxy- 
(4.99 g, 98%); (Found: C, 75.7; 
H, 10.8; N, 6.3. CIL18N202 requires: C, 75.6; H, 10.9; N, 6.3%); oH (CDCI3) 10.82 (s, 
1H, NH), 10.65 (s, II-!, Ar-OH), 7.97 (s, II-!, CH=N), 7.17-7.26 (m, 111, Ar-H), 6.77-
6.96 (m, 1H Ar-H), 0.39-1.73 (m, 41H, C9H19, COCH2C61i3, C(CH3)3); 0c (CDC13) 
176.1 (CH=O), 154.6 (Ar-C), 149.6 (CH=N), 137.6-140.4 (Ar-CC9H19), 136.1 (Ar-CH), 
126.2-127.8 (2Ar-CH), 116.4 (Ar-C), 8.5-5 1.6 (C9H19, C7H15, C(CH3)3); v.,,/cm - 1 (KBr 
cell) 3198 (0-H), 3054 (N-H), 2958 (C-H), 1659(0=0), 1612 (C=N), 1560 (N-H), 1273 
(C-N); Amax (CHC13) 336 (6018), 295 (18005), 285 (20989); m/z 445 (MW). 
2-Ethyihexanal oxime 4 
HO 
Ii? 
A solution of sodium carbonate (12.4 g, 120 mmol) in water (50 ml) was added slowly 
to a mixture of 2-ethylhexanal (30.0 g, 230 mmol) and hydroxylamine hydrochloride 
(16.3 g, 230 mmol) in water (60 ml) over 30 mm, such that the temperature did not rise 
above 45 °C. The mixture was allowed to cool to room temperature and partitioned 
between ethyl acetate (100 ml) and water (100 ml). The organic layer was washed with 
sulfuric acid (50 g l', 2 x 50 ml), water (2 x 50 ml) and dried over anhydrous 
magnesium sulfate. The solvent was removed in vacuo and the crude colourless oil 
distilled using kugelrohr apparatus to give 2-ethy1hexanal oxime (28.6 g, 85%); (Found: 
C, 61.0; H, 10.7; N, 7.6. C 8H17NOrequires: C, 67.1; H, 12.0; N, 9.8%); 0H (CDCI3) 9.67 
(d, 4J = 2.9, 1H, CHNOH synlanti isomer), 6.57 and 7.31 (d, 3J = 8.2 Hz, 1H, 
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CH=NOH syn/anti isomer ratio 4:7), 3.07-3.24 (m, IH., CH(C3H5)C4H9 syn/anhi 
isomer), 0.72-2.34 (m, 141-I, CH(C3H5)C4H9); 5c (CDCI3) 156.0 ((H=NOH), 41.1 (CH), 
31.9 (CH2), 27.9 (CH2), 25.7 (CH2), 22.5 (Cl-I2), 13.6 (Cl-I3), 11.3 (Cl-I3); v,/cm (KBr 
cell) 3262 (0-H'), 2859-2961 (C-H); m/z 143 (Mt) 




C7H15 0 /O\ /N 
II 	Cu 	Cu 
NII  
N 	0 	0 	 C7H 15 
A solution of copper acetate (1.88 g, 9.4 mmol) in ethanol (50 ml) was added to a stirred 
solution of anoylhyd zone 3a (3.00 g, 9.4 
mmol) in ethanol (30 ml). After stirring for 1 h, the green solid was collected and 
washed with ethanol to give bisf('p2hydroxy-5-tert-butyl-befl7A2ldehYde-
octanoylhydrazone)ono(-2)] dicopper(II) (2.98 g, 83%); (Found: C, 58.4; H, 7.2; N, 6.7. 
Cu2C38H56N404 requires: C, 60.1; H, 7.4; N, 7.4%); v./cm -1  (KBr cell) 2857-2955 (C- 
H); m/z 759 (Md). 
ClH.O\ 
/ 
ii 	Cu Cu /\ 'fl,' 
0 	0 	C7H15 
N 
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dicopper(II) FCu2(3b-2H)21 
A solution of copper acetate (0.47 g, 2.4 mmol) in ethanol (40 ml) was added to a stirred 
solution of ne 3b (0.99 g, 
2.4 mmol) in ethanol (50 ml). After stirring for 1 h, a dark green solid precipitated from 
the mixture, which was collected and washed with ethanol to give bis[(,-2-hydroxy-3- 
dicopper(II) (0.89 g, 891/6); 
(Found: C, 51.1; H, 6.2; N, 9.9. Cu2C38H54N608 requires: C, 53.7; H, 6.4; N, 9.91/6); 
v..,/cm - 1  (KBr cell) 2855-2957 (C-H), 1506 (N-O); m/z 849 (M). 
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1(2-ethyihexanal oxjme)(2hydroxy-3-nitro-5-nonyI-beflZaLdehyde-
octanoylhydrazone)ono(-2)I copper(II) ICu(3d-2H)41 
9 
o.___ -s - 
I. 	I 	II 
H' O
\ /N 
I Cu 	II 
0 /\- 
0 
A solution of copper acetate (0.70 g, 3.5 mmol) in methanol (100 ml) was added to a 
solution of 3d (1.48 g, 3.4 
mmol) and 2-ethyihexanal-oxime (1.48 g, 10 mmol) in methanol (100 ml). The mixture 
was stirred for I h and the solvent removed in vacuo. The resulting dark green oil was 
dissolved in chloroform, washed with water (2 x 50 ml) and dried over anhydrous 
magnesium sulfate. The solvent was removed in vacuo to give [(2-ethyihexanal 
oxime) copper(II) 
(3.74 g, 100%); (Found: C, 60.3; H, 8.5; N, 8.4. CuC 32H54N405 requires: C, 60.2; H, 
8.5; N, 8.8%); v.,,/cm - 1  (KBr cell) 3241 (0-H), 2858-2858 (C-H), 1516 (N-O); m/z 638 
(Mt). 








A solution of copper acetate (2.66 g, 13 mmol) in methanol (100 ml) was added to a 
solution of 2-hydroxy-5-nonyl-acetophenone (85%, 8.23 g, 27 mmol) in methanol (100 
ml). The mixture was stirred for I h and the solvent removed in vacuo. The resulting 
thick, dark green oil was dissolved in chloroform (100 ml), washed with water (2 x  50 
ml) and dried over anhydrous magnesium sulfate. The solvent was removed in vacuo to 
give bis(2hy4broxy-5-nonyl-acetophenone)copper(II) (9.81 g, 100%); (Found: C, 66.8; 
H, 8.7; N, 4.1. CuC34H52N204 requires: C, 66.3; H, 8.5; N, 4.60/6); v,/cm 1 (KBr cell) 
3182 (0-H), 2866-2960 (C-H); m/z 616 (M). 
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5.5 Preparation of Pyrazolones 




The preparation followed the method used by Wallace and Straley. 3 Phosphorus 
oxychionde (9.0 ml, 97 mmol) was added dropwise to a mechanically stirred suspension 
of 3-methyl-2-pyra.zol-5-one 6a (8.13 g, 83 mmol) in DMF (13 ml, 170 mmol) at 0 °C, 
ensuring that the temperature did not rise above 20 °C. This mixture was heated at 100 
°C for 1.5 h and allowed to cool to room temperature, which produced a toffee-like solid. 
The addition of water (80 ml) with sonication, produced a solution, which yielded a pale 
yellow precipitate at 4 °C. This was collected, dried in vacuo and recrystalised from 
ethanol to give 4-formyl-3-methyl-2-pyrazol-5-one (4.94 g, 47%), mp 162 °C; (Found: 
C, 46.8; H, 4.7; N, 21.6. C 4H6N20 requires: C, 49.0; H, 6.2; N, 28.6%); öjj (MeOD) 
9.57 (s, IH, CHO), 0.2.28 (s, 3H, CL!3); &2 (MeOD) 186.4 (CH0), 164.9 (Ar-CH), 
147.9 (Ar-C), 106.6 (Ar-C), 11.7 (CH3); v./cm' 3486 (0-H), 3150-2750 (N-H), 1672 
(C0); Xm /nm (MeOH) 248 (4447), 218 (4286); m/z 127 (M1-[1). 
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3_MethyI_4(2'_hydroxyphenyLeflamifle)-PYraZOl-5-One 9a 
/CNOH 
A stirred mixture of 3-methyl-4-formyl-pyrazOl-5-one 7a (0.50 g, 4.0 mmol) and 2-
aminophenol (0.48 g, 4.4 mmol) in ethanol (75 ml) was heated at reflux for 16 h. 
Cooling the mixture to -14 °C, produced a bright yellow precipitate, which was collected 
and recrystallised from ethanol to give 3-methyl-4-(2 '-hydroxyphenylenamine)-pyrazol-
5-one. Single crystals of 9a were obtained via diffusion of diethyl ether into a 
methanolic solution of the ligand. (0.65 g, 75%); mp 219 °C; (Found: C, 60.0; H, 5.1; 
N, 18.9. C 11 H11N302 requires: C, 60.8; H, 5.1; N, 19.3%); bjj (MeOD) 8.36 (s, IH, 
CHN), 7.41 (dd, 3J = 1.5 Hz, 4J = 8.3 Hz, 1 H, Ar-H), 6.91 (dd, 3J =7.1 Hz, 4J = 1.6 Hz, 
IH, Ar-H), 6.80 (m, 2H1 2Ar-H), 2.11 (s, 3H, Cl!3); &2 (MeOD) 169.8 (Ar-C) 150.7 (Ar-
C), 148.6 (Ar-C), 146.0 (CH=N) 127.8 (Ar-C), 127.3 (Ar-CH), 121.3 (Ar-CH), 116.7 
(Ar-CH), 116.3 (Ar-CH), 102.0 (Ar-C), 12.4 (CH3); v./cm -1 3420 (0-H), 2780-3101 
(N-H), 1670(0=0); ?/nm (MeOH) 379 (23004), 288 (6749); m/z 218 (M}fl. 
233 
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2-Amino-4-iso-propylphef101 Sb 
OH 
The preparation followed the method used by Stevens and Beutel. 4 Aniline (3.3 ml, 36 
mmol) was mixed with concentrated HCl (20 ml), to which sodium nitrite (2.55 g, 37 
mmol) in water (20 ml) was added. The resulting solution was added carefully to a 
stirred mixture of 4-iso-propylphenol (5.02 g, 37 mmol) in 6% NaOH (85 ml), such that 
the temperature did not rise above 5 °C. Insoluble material was filtered from the 
resulting mixture and the organics were partitioned from the filtrate with diethyl ether (3 
x 200 ml). The combined organic washes were dried with anhydrous sodium sulfate and 
the solvent removed in vacuo. The brown crystalline solid produced was hydrogenated 
using palladium oxide hydrate (0.32 g, 2.6 mmol) in methanol (500 ml) at 30 psi 
hydrogen for 17 h. The methanol was removed in vacuo and the resulting material 
separated via column chromatography using diethyl ether (Rf = 0.56) to give a cream 
solid, which was recrystallised from hexane/ diethyl ether to give cream crystals of 2-
amino-4-iso-propylphenol (0.15 g, 3%); mp 126-127 °C; (Found: C, 70.5; H, 8.5; N, 7.6. 
C9H1 3N0 requires: C, 71.5; H, 8.7; N, 9.3%); oH (MeOD) 6.52 (d, 4J = 2.2 Hz, 11-I, Ar-
H), 6.48 (d, 3J = 8.0 Hz, I  Ar-H), 6.32 (dd, 3J = 8.0 Hz, 4J = 2.0 Hz, 114, Ar-H), 2.58 
(sept, 3J = 7.0 Hz, CH(CH3)CH3), 1.04 (d, 3J = 7.0 Hz, 6H, CH(CH3)CH3); & (MeOD) 
144.5 (Ar-C), 141.9 (Ar-C), 135.7 (Ar-C), 117.9 (Ar-CH), 115.8 (Ar-CH), 115.5 (Ar-
('H), 34.8 (CI-I(CH3)CH3), 24.7 (CH(CH3)CH3); v,Jcm' 3450 (0-H), 3376 (N-H), 
3295 (N-H), 2961 (C-H); m/z 152 (MI). 
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3-Methyl-4-(2' h ydroxy5'isopropyIphenyIeflamifle)-PYraZOlS0ne 9b 
H 
tI N 0H 
A mixture of 3-methyl-4-formyl-pyrazol-5-one 7a (0.09 g, 0.71 mmol) and 2-amino-4-
iso-propylphenol Sb (0.10 g, 0.46 mmol) in ethanol (35 ml) was stirred at reflux for 20 h 
and allowed to cool to room temperature. The solvent was removed in vacuo to yield a 
golden yellow solid, which was recrystallised from 10:1 ethyl acetate:ethanol to give 
yellow crystals of 3-methyl-4-(2 'hydrory-5 'iso.propylphenylenamine)-pyrazOl-5-One. 
ethanol which were suitable for X-ray analysis (0.12 g, 67%); mp 208-209 °C; (Found: 
C, 64.3; H, 6.6; N, 16.0. C 141117N302 requires: C, 64.9, H, 6.6; N, 16.2%); öjj (MeOD) 
8.44 (s, IH, CH=N), 7.33 (d, 4J= 1.9 1-[z, 111, Ar-H), 6.84 (dd, 3J 8.3 Hz, 4J 1.9 Hz, 
1H, Ar-H), 6.75 (d, 3j = 8.3 Hz, It-I, Ar-H), 2.78 (sept, 3J = 6.9 Hz, 11-I, CH(CH3)CH3), 
2.17 (s, 3H, CCH3=N'), 1.16 (d, 3J= 6.93 Hz, 6H, CH(CH3)CH3); (Me0D) 169.8 (Ar-
C) 150.7 (Ar-C), 146.6 (Ar-C), 146.1 (CHN), 142.5 (Ar-C), 127.4 (Ar-C), 125.1 (Ar-
CH'), 116.7 (Ar-CH), 114.3 (Ar-CH), 101.8 (Ar-C), 35.0 (CH(CH3)CH3), 24.6 
(CH(CH3)CH3), 12.5 (CCH3=N); v/cm' 3409 (0-11), 2667-3215 (N-H), 2960 (C-H'), 
1663 (C=0); ?,/nm (MeOH) 382 (19368), 291 (5965), 252 (4509); m/z 260 (NM'). 





A mixture of 3 -methyl-4-formyl-pyrazol- 5 -one 7a (0.68 g, 5.4 mmol) and 2-amino4-
tert-amylphenol (0.99 g, 5.5 mrnol) in ethanol (100 ml) was stirred at reflux for 16.5 h 
and allowed to cool to room temperature. The solvent was removed in vacuo and the 
resulting solid recrystallised from ethyl acetate to give yellow crystals of 3-methyl-4-
(2 'hydroxy-5 '-teri-amylphenylenamine)-pyrazol-5-one which were suitable for X-ray 
analysis (1.20 g, 77%); mp 215-215.5 °C; (Found: C, 65.1; H, 7.2; N, 14.1. C16H21N302 
requires: C, 66.9; I-I, 7.4; N, 14.6%); oH (MeOD) 8.46 (s, IH, CH=N), 7.38 (d, 4J = 2.1 
Hz, 1H, Ar-H), 6.91 (dd, 3J= 8.5 Hz, 4J= 2.2 Hz, I  Ar-H), 6.72 (d, 3J = 8.5 Hz, I  
Ar-H), 2.15 (s, 3H, CCH3=N), 1.56 (q, 3J = 7.4 Hz, 214, C/f2), 1.18 (s, 6H, 
C(C2H5)(CH3)CH3), 0.59 (t, 3J = 7.4 Hz, 3H, C(CH2CH3)(CH3)CH3); & (MeOD) 170.3 
(Ar-C), 150.8 (Ar-C), 146.4 (CFI=N), 143.0 (Ar-C), 127.1 (Ar-C), 125.1 (Ar-CH), 116.3 
(Ar-CH), 114.2 (Ar-CH), 101.7 (Ar-C), 38.6 (C(C 2H5)(CH3)CH3), 37.8 (CH 2), 29.0 
(C(C2H5)(CH3)CH3), 12.5 (CCH3N), 9.5 (C(CH 2CH3)(CH3)CH3); v/cm' 3425 (0-
H), 3200 (N-H), 2964 (C-H), 1667 (C0); X/nm (MeOH) 381 (20749), 291 (6299), 
252 (4799); m/z 288 (M'). 
236 
Chapter 5: Experimental 
3-iso-Propyl-2-pyrazol-5-one 6b 
IN OH 
	 H__ N -N r 0 
Ethyl-iso-butyrylacetate (25.5 ml, 160 mmol) was added dropwise to a stirred solution 
of hydrazine monohydrate (7.7 ml, 160 mmol) in methanol (150 ml) cooled in a salt ice 
bath, such that the temperature did not rise above 0 °C. The mixture was stirred for 4 h 
at < 0 °C and for 24 h at reflux temperature. Single crystals suitable for X-ray analysis 
were isolated from the reaction vessel when the mixture was allowed to cool to room 
temperature. The solvent was removed in vacuo to give a cream solid, which was 
washed with hot hexane to give 3-iso-propyl-2-pyrazol-5-one (18.8 g, 98%); mp 117 °C; 
(Found: C, 57.2; H, 8.0; N, 22.0. C6H10N20 requires: C, 57.1; H, 8.0; N, 22.2%); 8H 
(MeOD) 4.45 (s, IH, C=CHC=O), 2.00 (sept, 3J = 7.0 Hz, IH, CH(CH3)CH3), 0.37 (d, 
= 7.0 Hz, 6H, CH(CH3)CH3); &2 (MeOD) 164.3 (Ar-C), 155.6 (Ar-C), 88.2 
(CCHCO), 27.6 (CH(CH3)CH3), 22.0 (CH(CH3)CH3); v./cm -1 2346-2964 (N-H), 




The preparation followed the method used by Wallace and Straley. 3 Phosphorus 
oxychloride (17 ml, 180 mmol) was added dropwise to a mechanically stirred solution of 
3-iso-propyl-2-pyrazol-5-one 6b (18.6 g, 150 mmol) in DMF (29 ml, 370 mmol) at 0 °C 
such that the temperature did not rise above 20 °C. This mixture was heated at 100 °C 
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for 2 h and allowed to cool to room temperature. Excess DMF was removed in vacuo to 
yield a thick liquid, to which water (25 ml) was added. At 4 °C a pale yellow solid 
precipitated from the mixture, which was recrystallised from ethyl acetate to give 4-
formyl-3-iso-propyl-2-pyrazol-5 -one (8.37 g, 38%); mp 139-142 °C; (Found: C, 51.7; H, 
6.4; N, 17.2. C71110N202 requires: C, 54.5; H, 6.5; N, 18.2%); & (MeOD) 9.48 (s, 1H, 
CH-O), 3.23 (sept, 3J = 7.0 Hz, IH, CH(CH3)CH3), 1.03 (d, 3J = 7.0 Hz, 6H, 
CH(CH3)C113); & (MeOD) 186.2 (CH=0), 165.5 (Ar-C), 157.0 (Ar-C), 105.1 (Ar-C), 
27.6 (CH(CH3)CH3), 21.2 (CH(CH3)CH3); v../cm - ' 3400 (0-H), 2870-3152 (N-H), 
2987 (C-H), 2964 (C-H), 1636 (C=0); AInm (MeOH) 295 (1590), 250 (4336), 218 
(3783); m/z 155 (M1H). 
3-iso-Propyl-4-(2' hydroxy5'tertamyIpheflyIeflamifle)-PYr2Z0I5-0fle 9d 
N 	OH 
A mixture of 4-formyl-3-iso.-propyl-2-pyrazOl-S-one 7b (4.21 g, 27 mmol) and 2-amino-
4-tert-amyl-phenol (4.67 g, 27 mmol) was stirred in ethanol (225 ml) at reflux for 19 h. 
The mixture was allowed to cool to room temperature and the solvent removed in vacuo 
to produce a solid, which was recrystallised from ethyl acetate to give yellow crystals of 
3-iso-propyl-4-(2 'hydroxy-5 !tertamylphenylenamine)-pyrazOl-S-One which were 
suitable for X-ray analysis (7.25 g, 89%); mp 211-212 °C; (Found: C, 67.0; H, 7.8; N, 
13.0. C 18H25N302 requires: C, 68.5; H, 8.0; N, 3.3%); & (MeOD) 8.49 (s, 1H, CH'N), 
7.36 (d, 4J = 1.4 Hz, 1 H, Ar-H), 6.93 (dd, 3J = 8.5 Hz, 'V = 1.4 Hz, I H, Ar-I/), 6.74 (d, 3J 
= 8.5 Hz, IH, Ar-H), 3.06 (sept, 3J = 7.0 Hz, IH, CH(CH3)CH3), 1.57 (q, 3J = 7.4 Hz, 
8 
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2H CH2), 1.20 (s, 6H, C(C2H5XCH3)CH3), 1.18 (d, 3J = 7.0 Hz, 611., CH(CH3)CH3), 
0.59 (t, 3J = 7.4 Hz, 3H, C(CH2CH3XCH3)CH3); &. (MeOD) 169.9 (Ar-C), 159.4 (Ar-
C), 146.5 (Ar-C), 146.1 (CH=N), 142.9 (Ar-C), 127.1 (Ar-C), 125.1 (Ar-CH), 116.3 
(Ar-CH), 114.5 (Ar-M, 100.1 (Ar-C), 38.6 (C(C 2H5)(CH3)CH3), 37.8 (CH 2), 29.0 
(CH(CH3)CH3), 27.8 (CH(CH3)CH3), 22.2 (C(C 2H5)(CH3)CH3), 9.5 
(C(CH2CH3)(CH3)CH3); v/cm' 3409 (0-H), 2872-3136 (N-H), 2962 (C-H), 1663 
(C=O); /nm (MeOH) 383 (22081), 291 (6646), 253 (5702); m/z 316 (MI{) 
5.5.2 Copper Complexes 
dicopper(I1) ICu2(9d-2H)2 
A solution of copper acetate (0.32 g, 1.6 mmol) in ethanol (40 ml) was added to a stirred 
solution of 3 -iso-propyl-4-(2' hydroxy-5 '-,ert-amylphenylenamine)-pyrazOl-S-ofle 9d 
(0.50 g, 1.6 mmol) in ethanol (40 ml) and methanol (10 ml). A dark green solid 
precipitated from the mixture after 16 h at -14 °C, which was collected and washed with 
cold ethanol to give bis[3-iso-propyl-4-(2 '-hydroxy-5 -tert-amylphenylenamine)-pyrazol-
5-one] dicopper(II) (0.33 g, 28%); (Found: C, 54.5; H,6.1; N, 10.1. Cu2C36HN604 
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requires: C, 57.4; H, 6.2; N, 11.2%); v/cm 1  (KBr cell) 3235 (N-H), 2963 (C-H); m/z 
755 (MH2). 
5.6 X-ray crystallography 
Structures 3a and 3b were determined by Mr. James Davidson, structures 9*, 9b, 9c and 
9d by Dr. Paul Plieger and 6b by Dr. Timothy Higgs at the University of Edinburgh. 
Selected crystal data for these structures is recorded in Table 5.8 and Table 5.9; all files 
can be found in Folders: Chapter 2-Crystal structures, Chapter 3-Crystal structures and 
Chapter 4-Crystal structures on the appendix CD. Data were collected at 150 K or 220 
K on a SMART or Stadi-413 diffiactometer equipped with an Oxford Cryosystems low 
temperature device, using Cu-Ka radiation for 9* and Mo-Ka radiation for 3a, 3b, 6b, 
9b, 9c and 9d. Reflections were scanned in co 20, o and co-0 mode. 
All structures were solved by direct methods (SHELXTL) and completed and refined by 
interative cycles of least squares refinement against F and difference Fourier synthesis 
(SHELXTL). Most H-atoms were idealized, being placed geometrically and treated by 
riding methods. All hydrogen atoms attached to hetero-atoms were placed using 
difference maps. In all cases non-H atoms were modelled with final anisotropic 
displacement parameters. Refinement parameters for all crystal structures can be found 
in the attached files in the appendices. 
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Table 5.8: Crystal data for structures 9a-9d 
Structure 92 9b 9c 9d 
Formula C 1 1 H 1 1 N302 C16HN303 C 16H21 N302 C18H25N302 
M 217.23 305.37 287.36 315.41 
Crystal System Monoclinic Monoclinic Orthorhombic Monoclinic 
Space group P2(1)/n P2(1)/c P2(1)2(1)2 P2(1)/c 
aiA 7.8588(16) 8.8774(17) 15.726(6) 12.758(4) 
b/A 9.775(2) 10.32 16(19) 20.047(8) 14.844(5) 
c/A 14.215(3) 18.175(3) 10.494(4) 10.044(4) 
uP 90 90 90 90 
102.66(3) 101.572 90 110.033(5) ____________ 
yI° 90 90 90 90 
u/A3 1065.4(4) 1631.5(5) 3308(2) 1787.0(11) 
Crystal size/mm 0.31 x  0.31 x 0.31 
DjMgm 3 1.354 1.243 1.154 1.172 
Z 4 4 8 4 
0.797 0.087 0.078 0.078 
o Limitsl° 5.54-69.71 2.28-22.50 1.65-26.39 1.70-26.44 
No. 	of 	unique 
data  
1819 2134 6782 3653 











wR2 0.0845 0.1395 0.1672 0.1736 
Ap. 1,Ap..JeA 3  1 0.154,-0.134 0.262,-0.320 0.204.-0.218 0.551, -0.278 
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Table 5.9: Crystal data for structures 6b, 3a, 3b and [Cu(3b-2H)(Py)(MeOH)] 
Structure 6b 3a 3b ICu(3b- 
2H)(Py)(MeOlf)J 
Formula C6H1 N2O CHN202 C 19HN304 C.H3 CuN40 
M 126.16 318.45 363.45 537.13 
Crystal System Monoclinic Monoclinic Monoclinic Triclinic 
Space group P2(1)/c P21/c P2(1)/c P-i 
alA 8.9513(15) 12.1987(4) 6.650(5) 6.4508(3) 
b/A 6.8363(11) 5.8481(2) 28.29(2) 13.2850(5) 
C/A 11.1986(18) 25.9304(9) 10.606(8) 15.7532(6) 
of0 90 90 90 102.136(2) 
91.676(2) 94.963(2) 99.429(14) 93.935(2) ____________ 
90 90 90 97.622(2) 
uiA3 684.99(19) 1842.92(11) 1969(3) 1301.69(9) 
Crystal size/mm 0.37 x  0.74 x  1.394 0.42 x  0.40 x  0.33 0.63 xO.25 x 0.13 1.30 x 0.29 xO.16 
DjMgm 3 1.223 1.148 1.226 1.370 
Z 4 4 4 2 
0.086 0.074 0.086 0.881 
Transmission 
factors 
T 	= 0.418 
T = 0.928 
T,,, 	= 0.677 
T. = 1 
T 	= 0.1115 
= 1 
T, = 0.524 
TIM = 1 
0 Limils/° 4.556-52.733 1.58-28.90 2.08-23.25 1.33-28.53 
No. 	of 	unique 1392 
data  
4497 2823 5979 
No. 	data 	with 1049 
[F>4(F)1  
3515 1934 5047 
RI 0.0384 0.0526 0.1131 0.0628 
wR2 0.0854 0.1413 0.3003 0.1576 
Ap,Ap.../ek3 0.174.-0.180 0.379. -0.192 0.408,-0.323 1.349. 4).791 
5.7 Ab initio calculations 
5.7.1 Tautomersof9d 
Calculations are being carried out by Dr Paul Plieger, using the Gaussian 03W package. 5 
Becke's three-parameter hybrid exchange correlation functional 6 containing the non-
local gradient correction of Lee, Yang and Parr (B3LYP), 7 has been chosen for the 
method and is being used in conjunction with the 631G**  basis set incorporating 
diffuse functions on the non-hydrogen atoms. All optimized structures will be 
confirmed as minima by calculation of the vibration frequencies and single point energy 
calculations will be performed on the optimised structures. 
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5.7.2 Copper complexes of 3g, 3h and 9e 
Calculations were carried out by Dr Sarah Hinchley. Complexes structures were initially 
optimised using the semi-empirical method PM3 with the Spartan suite of programs. 8 
These structures were used as a starting point for quantum mechanical calculations by a 
DFT method (B3LYP/6-3 IG*) with the Gaussian 03 package 5 using the resources of the 
EPSRC National Service for Computational Chemistry Software, on a cluster of 6 HP 
ES40 computers. Each Aiphaserver ES40 machine has four 833MHz EV68 CPUs and 8 
Gb of memory. Full geometry optimisations were performed on all complex 
conformations. 
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